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Deterioration of concrete structures due to reinforcement corrosion is noted in many 
industrial and non-industrial structures in the coastal areas of Saudi Arabia. Considerable 
resources are being expended to repair and rehabilitate the deteriorated concrete 
structures.  While deteriorating concrete structures need to be repaired for meeting their 
design life, preventive measures need also to be taken to avoid deterioration in new 
construction. Some of the protective measures include: use of fusion-bonded-epoxy 
coated (FBEC) bars or chemical inhibitors.  However, under severe exposure conditions, 
the service life of structures built with FBEC steel bars can be limited due to the 
detrimental effect of damage to the FBEC. Consequently, there is an increasing trend 
towards utilizing corrosion inhibitors to minimize reinforcement corrosion. 
 Though there is some information on the use of corrosion inhibitors, both locally and 
in other countries, several aspects, such as the exposure temperature and the combined 
presence of chloride and sulfate ions, on the effectiveness of inhibitors have not been 
studied. Consequently, there is an urgent need to study the performance of inhibitors in 
the presence of temperature and chloride and sulfate concentration. 
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 This research program was conducted into two parts. The first part consisted of 
preparing a set of 66 steel specimens immersed in simulated concrete pore solution and 
varying the three key exposure parameters (chloride and/or sulfate concentration, 
inhibitor type and exposure temperature) using potentio-dynamic polarization method. In 
the second part of this research, a set of 36 mixtures of concrete specimens was prepared 
to evaluate the performance of the selected inhibitors in both sound and cracked concrete 
specimens according to ASTM G 109.  
 Potentio-dynamic polarization results showed that all the inhibitors perform well in 
minimizing corrosion. However, their performance decreased with increasing the 
chloride and/or sulfate concentration and exposure temperature. The corrosion in ASTM 
G 109 uncracked specimens with the selected corrosion inhibitors was less than that in 
the control specimens (around three to four times lower). Further, in case of cracked 
concrete specimens, Inhibitor IV and Inhibitor V exhibited the best corrosion protection. 
However, the specimens incorporating Inhibitors I, II and III provided no or at best 
limited protection to the reinforcing steel. The data developed in this study were used in 
the selection of appropriate inhibitors for the local conditions. 
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اٌعذ٠ذ ِٓ إٌّشآث اٌصٕاع١ت ٚغ١ش ٌٛزع حذ٘ٛس إٌّشآث اٌخشسأ١ت بسبب حآوً زذ٠ذ اٌخسٍ١ر فٟ 
٠خُ إٔفاق ِٛاسد ظخّت  ٚوّا ٘ٛ ِعٍَٛ، اٌصٕاع١ت فٟ إٌّاغك اٌسازٍ١ت ِٓ اٌٍّّىت اٌعشب١ت اٌسعٛد٠ت.
 وّا. ٘ا اٌخصّ١ّٟإٌٝ إصلاذ ٌخٍب١ت عّش ، ٚاٌخٟ حسخاجلإصلاذ ٚإعادة حؤ٘١ً إٌّشآث اٌخشسأ١ت اٌّخذ٘ٛسة
ِا  بعط اٌخذاب١ش اٌٛلائ١تٚحشًّ . ٌخفادٞ اٌخذ٘ٛساٌلاصِت اٌخذاب١ش اٌٛلائ١ت احخار إٌٝ  إٌّشآث اٌدذ٠ذة حسخاج
خعشض اٌاٌى١ّ١ائ١ت. ٚفٟ ظً ظشٚف  اٌّٛأعأٚ  CEBF(بالا٠بٛوسٟ ( اٌّطٍ١ت: اسخخذاَ اٌمعباْ ٠ٍٟ
 ا  دِسذٚىْٛ ٠٠ّىٓ أْ  طٍ١تاٌّاٌعّش الافخشاظٟ ٌٍّٕشآث اٌخشسأ١ت اٌّبٕ١ت باسخخذاَ اٌمعباْ فاْ ، ماس١تاٌ
. ٚباٌخاٌٟ، فإْ ٕ٘ان احدا٘ا ِخضا٠ذا ٔسٛ اٌّطٍ١تٍسك باٌمعباْ لذ حاٌخٟ  ٌلأظشاسٔظشا ٌٍخؤث١ش اٌعاس 
 حمٍ١ً حآوً زذ٠ذ اٌخسٍ١ر. فٟ ِٛأع اٌصذأاسخخذاَ 
فاْ ٚفٟ دٚي أخشٜ، ا، سٛاء ِسٍ١ا أِٛأع اٌصذبعط اٌّعٍِٛاث عٓ اسخخذاَ ٚخٛد عٍٝ اٌشغُ ِٓ ٚ
٠ذاث ٚاٌىبش٠خاث خٕبا إٌٝ خٕب، ادسخت اٌسشاسة ٚٚخٛد ا٠ٛٔاث اٌىٍٛسحؤث١ش دٛأب، ِثً اٌعذ٠ذ ِٓ إٌ٘ان 
فٟ  أِٛأع اٌصذٕ٘ان زاخت ٍِست ٌذساست أداء  فاْ ،ٌزٌه٠خُ دساسخٙا. ِٚٛأع اٌصذأ اٌخٟ ٌُ عٍٝ فعاٌ١ت 
 ٚخٛد دسخت اٌسشاسة ، اٌىٍٛس٠ذاث ٚ اٌىبش٠خاث.
ع١ٕت ِٓ  66ِدّٛعت ِٓ  حدٙ١ضخضئ١ٓ. اٌدضء الأٚي ٠خىْٛ ِٓ ِٓ ٠خىْٛ حُ اخشاء ٘زا اٌبسث ٚاٌزٞ 
فٟ ِسٍٛي ٠ساوٟ اٌّسٍٛي اٌّائٟ ٌٍخشسأت ٚحغ١١ش اٌّعا٠١ش اٌثلاثت اٌشئ١س١ت  حُ غّش٘ا زذ٠ذ اٌخسٍ١ر ٚ اٌخٟ
 iixxx
 
 .cimanyd-oitnetoPٚدسخت اٌسشاسة) باسخخذاَ غش٠مت   أاٌصذ ِأعٚ/أٚ وبش٠خاث،  ٠ذاٌٍخعشض (وٍٛس
اٌّخخاسة فٟ  اٌّٛأعع١ٕٗ خشسأ١ٗ ٌخم١١ُ أداء  63اٌثأٟ ِٓ ٘زا اٌبسث، حُ حدٙ١ض ِدّٛعت ِٓ فٟ اٌدضء ٚ
 .901 G MTSAوً ِٓ اٌع١ٕاث اٌسٍ١ّت ٚاٌّشممت غبما ٌٍّٛاصفت 
فٟ اٌخمٍ١ً  ا  واْ خ١ذ أِٛأع اٌصذخّ١ع أداء ) أْ noitaziraloP cimanyd-oitnetoPٚأظٙشث ٔخائح ( 
ىبش٠خاث ٚدسخت زشاسة اٌ/أٚ ٠ذ ٚاوٍٛس ِع ص٠ادة حشو١ض اٌّٛأع٘زٖ  فمذ أخفط اداء ِٓ اٌخآوً. ِٚع رٌه،
ألً ِٓ  أِٛأع اٌصذاٌغ١ش ِشممٗ ٚاٌخٟ حسخٛٞ عٍٝ 901 G MTSA واْ اٌخآوً فٟ ع١ٕاث ٚ اٌخعشض.
ع١ٕاث فاْ ، علاٚة عٍٝ رٌه ِشاث ألً). 4اٌٝ  3(زٛاٌٟ  أِٛأع اٌصذرٌه فٟ اٌع١ٕاث اٌخٟ لا حسخٛٞ عٍٝ 
اْ اٌع١ٕاث اٌخٟ  إلا .افعًاٌشابع ٚاٌخاِس أظٙشث زّا٠ت  اٌّٛأعاٌخٟ حسخٛٞ عٍٝ  اٌّخشممتاٌخشسأت 
ٓ الازٛاي ٚفشث ساٚ فٟ از ش اٌسّا٠ت اٌىاف١تحٛف١حٕدر فٟ  حخعّٓ اٌّثبطاث الأٚي ٚاٌثأٟ ٚاٌثاٌث ٌُ
ِٛأع ٘ا فٟ ٘زٖ اٌذساست فٟ اخخ١اس اٌب١أاث اٌخٟ حُ حطٛ٠ش اسخخذِجٚلذ  زّا٠ت ِسذٚدة ٌسذ٠ذ اٌخسٍ١ر.
 .اٌّلائّت ٌٍظشٚف اٌّسٍ١ت أاٌصذ
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CHAPTER 1  
INTRODUCTION 
1.1 Durability 
Reinforced concrete is widely utilized in the construction of most of the facilities all over 
the world. It is the most versatile construction material, hence, no significant structure is 
being built anywhere in the world without the use of concrete in one way or the other. 
This wide use of concrete is attributed to four specific characteristics. Firstly, concrete 
can be molded into different sizes and shapes either in a precast concrete plant or on the 
site. Its second characteristic is the protection it provides to steel against corrosion and the 
third is its low-cost. The fourth characteristic is the easy availability of its constituent 
materials. Added to the above advantages, concrete has good fire-resistance, excellent 
compressive strength, low maintenance requirements, long service-life, and high water 
resistance. Due to all these advantages, concrete has established itself as a major 
construction material.  
 Although concrete has many advantages, it has its own disadvantages. The typical 
tensile strength of concrete is 8% to 15% of its compressive strength, which is low 
compared to its compressive strength [1]. This weakness of the concrete has been 
overcome by the addition of reinforcing steel bars (rebars), so that rebars resist shear and 
tensile stresses and concrete primarily resists compressive stresses.  
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 Reinforced concrete is expected to show long term durability; however, sometimes it 
does not perform sufficiently as a result of improper construction, inadequate materials 
selection, harsh environment, inferior design, or a combination of these factors. The 
infrequent inferior durability of concrete is the major problem facing the construction 
industry all over the world, particularly in aggressive exposure conditions. Substantial 
resources have to be diverted towards the rehabilitation and repair of the deteriorated 
reinforced concrete structures. These structures are sometimes affected by many processes 
leading to loss of serviceability or, in extreme cases, to structural collapse. The most 
common problems are freeze-thaw damage, corrosion of steel reinforcement, alkali-
aggregate reactions, high temperature and sulfate attack [2]. 
 Corrosion of reinforcing steel is the most common cause of concrete deterioration. 
Further, it mainly reduces the useful service life of reinforced concrete structures. 
Corrosion of reinforcing steel is caused by the diffusion of chloride ions or carbon 
dioxide to the steel surface. In the arid and semi-arid regions, reinforcement corrosion is 
accentuated by the high temperature and humidity. 
 Deterioration of reinforced concrete in the coastal areas of the Arabian Gulf is often 
noted within a short span of 5 to 10 years. Field studies indicate that the deterioration of 
structures in this region is mainly attributed to: (i) inappropriate materials specifications, 
(ii) inadequate construction practices, and (iii) severe environment and geomorphic 
conditions. The environmental conditions of Saudi Arabia are characterized by a large 
variation in the daily and seasonal temperature. The ambient temperature in the summer 
is as high as 45 to 55 °C and the relative humidity ranges between 40 to 95% over a 
period of 24 hours [3]. 
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The temperature on the concrete surface at this ambient temperature may be as high as 
70°C due to solar radiation. The variation in the day to night temperature may be as much 
as 20°C. This high variation in the day and night temperature leads to the formation of 
micro-cracks in the concrete that accelerate the diffusion of aggressive species, such as 
oxygen, chlorides, moisture, and carbon dioxide, to the steel surface thereby promoting 
corrosion of reinforcing steel. This corrosion is accompanied with substantial expansive 
forces that result in cracking and spalling of concrete [4]. 
 
1.2 Improvement of Concrete Durability 
Unless proper precautions are taken at the design stage, a reduction in the design life of 
the structures is to be expected under the severe exposure conditions of the Arabian 
region. Therefore, concrete quality should be specified in terms of permeability and 
diffusion indices rather than strength in order to improve its durability [4].  
 Some of the precautionary measures to improve the concrete quality include: use of 
dense and impermeable concrete, use of fusion-bonded epoxy-coated (FBEC) bars or 
chemical inhibitors. FBEC steel bars have been used worldwide for more than three 
decades to enhance the useful service life of reinforced concrete structures serving in 
aggressive environments [5-7]. However, they also have a limited life, particularly in 
severe environments, due to the expected surface damage to the coating. Consequently, 
corrosion inhibitors are being actively considered for minimizing reinforcement 
corrosion. The corrosion inhibitors prevent the electrochemical reactions, associated with 
reinforcement corrosion, from proceeding. They can inhibit the anodic or cathodic 
reactions or both. While some data exist on the use of chemical inhibitors both in the 
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Arabian Gulf and in other countries, there is a need for a more detailed study to evaluate 
the effectiveness of inhibitors under the concomitant effect of different chloride and 
sulfate concentrations and temperature that prevail in eastern Saudi Arabia. 
 This study was planned to assess the performance of proprietary and generic inhibitors 
in minimizing reinforcement corrosion under the conjoint effect of chloride and sulfate 
and temperature. Based on the data developed in this study, an attempt would be made to 
determine the service life extension of concrete structures due to the use of corrosion 
inhibitors.  The findings of the study would also be useful in updating the local and 
international building codes. 
 
1.3 Research Objectives 
The overall objective of this study was to assess the corrosion protection provided by 
chemical inhibitors in concrete. The specific objectives are the following: 
1. To assess the effect of inhibitor type on the corrosion behavior of steel bars under 
varying exposure temperature, and chloride and sulfate concentration. 
2. To evaluate the chloride threshold in both sound and cracked concrete in the presence 
of corrosion inhibitors, 
3. To study the mechanisms of corrosion protection provided by selected corrosion 
inhibitors; and 
4. To provide recommendations on appropriate avenues of utilizing chemical inhibitors. 
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CHAPTER 2  
 
LITERATURE REVIEW 
The premature deterioration of reinforced concrete construction has resulted in 
considerable resources to be diverted towards the repair and rehabilitation of these 
structures. Hence, deterioration of concrete structures due to reinforcement corrosion has 
generated significant research interest worldwide in the past few decades. The 
protective measures that can be utilized to protect the reinforcing steel from corrosion 
include the following: (i) production of dense and impermeable concrete, using 
appropriate design and construction practices, (ii) enhancing the performance of concrete 
through the application of hydrophobic agents or surface coatings, and (iii) protection of 
steel through electro-chemical metallic or non-metallic coatings or the use of chemical 
inhibitors [8-9]. However, there is an increasing trend towards using chemical inhibitors, 
which is the subject of this investigation. 
2.1 Mechanism of Reinforcement Corrosion 
Corrosion, in general terms, means destruction or deterioration of a material due to a 
reaction with its environment [10]. Also, metallic corrosion can be defined as a chemical 
reaction that returns the metal to compounds which are similar to the minerals from 
which it was extracted [11]. A refined metal, such as steel or iron, has a natural tendency 
to return to its stable state (iron oxide, Fe2 O3) that exists in nature by corroding. The rate 
of steel corrosion depends on grain structure, the presence of entrained stress from 
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fabrication and its composition. It also depends on the nature of the surrounding 
environment, such as oxygen, pH, the availability of water, ionic species, and 
temperature [11]. 
Concrete normally provides a high alkalinity (pH > 13.5) which increases the 
reinforcing steel protection against corrosion. Under high alkalinity, steel remains 
passivated. Also, concrete with a low w/c ratio, well consolidated and well cured, has a 
low permeability that decreases the penetration of corrosion-inducing agents, for example 
carbon dioxide, chloride, moisture, etc., to the steel surface. In addition, the high 
electrical resistivity of concrete restricts corrosion rate by reducing the flow of electrical 
current from the anodic to the cathode electrode [11]. 
The presence of alkali elements, such as calcium hydroxide, sodium hydroxide, and 
potassium hydroxide, increase the alkalinity of the concrete pore solution (pH> 13). This 
high value of alkalinity results in the formation of a sub-microscopic surface layer on the 
embedded steel. As long as this layer is not disturbed, it keeps the steel in a passive 
condition and protects from corrosion. 
Reinforcement corrosion is caused either by the carbonation of concrete or diffusion 
of chloride ions or both of them combined together. Both of these species are able to 
destroy the chemical protection provided by the concrete to the reinforcing steel. The 
ingress of chloride ions to the steel-concrete interface or carbonation leads to the 
depassivation of steel. 
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2.1.1 Basic Principles of Corrosion 
The most common form of reinforcement corrosion in aqueous medium is of an 
electrochemical nature in which the corroding metal behaves like a small electrochemical 
cell. It requires an anode (where oxidation takes place), a cathode (where reduction 
occurs), an electrical conductor (steel reinforcement), and an electrolyte (concrete). At 
the anode, oxidation is the principal reaction (loss of electron) [12]. Corrosion starts at 
the anode when the electrochemical process is initiated by the oxidation of the iron (i.e. 
loss of electrons). Oxidation is the process when an oxidizing agent (oxygen in this case) 
takes electrons from the iron atoms transitioning them into soluble ions that enter the 
solution as shown in Equation 2.1. 
                                                               (         )                                       (   ) 
 
 
At the cathode, reduction is the principal reaction whereby the dissolved oxygen in 
the electrolyte is reduced by the electrons supplied by the anodic reaction to form 
hydroxyl ions: 
 
 
            
                                     (                )                              (   ) 
This OH
- 
flows back to the anode through the concrete to complete the circuit. The 
transfer rate of OH
-
 depends on moisture content, electrical resistivity of concrete, 
temperature, and ionic concentration. Then, OH
-
 ions at the anode combine with the Fe
++
, 
as shown in Equation 2.3, to form a fairly soluble ferrous hydroxide, Fe(OH)2 [12]. 
Figure 2.1 schematically represents the mechanisms of reinforcement corrosion. 
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Figure  2.1: Schematic Representation of Mechanism of Reinforcement Corrosion [12].  
 
If there is sufficient oxygen available, this product can further be more oxidized to 
form insoluble hydrated red rust. The rust thus developed can have a volume 2 to 10 
times of the parent iron from which it is formed, depending on the type of oxide formed, 
as shown in Figure 2.2 [12]. This rust product can exert tensile stresses which is roughly 
equal to 10 times the tensile strength of concrete. This excessive tensile pressure causes 
the concrete cover to crack. This leads to eventual spalling off the cover concrete at an 
advanced stage of the corrosion process, and it may be lead to a reduction in the cross-
sectional area of the structural member [12].  
e– e–
OH– OH–Fe++
Reinforcing
steel
Corrosion
current
Passive steel
as cathode
Concrete
H2O
(Concrete pore water)
Anodic dissolution of iron
O2 O2
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Figure  2.2: Volume of Various Oxides Formed due to Corrosion of Iron [12]  
 
2.1.2 Effect of Chloride on Reinforcement Corrosion 
Chloride ions in concrete can be contributed from different sources including: 
contaminated aggregates, salts in chemicals that are applied to the concrete surface, air 
born salts, salts in ground water, mixing water, and chloride containing admixtures 
which are used to accelerate curing. The chloride ions from these sources slowly attack 
the concrete through the pores in the hydrated cement paste till they eventually reach the 
steel bars. At certain level of concentration, the protective film will be destroyed and the 
steel will start to corrode when sufficient moisture and oxygen are present at the steel-
concrete interface. 
The chloride ions initiate corrosion of steel reinforcement by destroying the 
natural submicroscopic oxide film on the steel surface, allowing the iron to 
dissolve into solution. Once chloride ions reach the steel surface, they oxidize iron,  as 
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shown in Equation 2.4, to form FeCl3. At the cathode, reduction is the principal 
reaction; dissolved oxygen in the electrolyte is reduced by the electrons supplied by the 
anodic reaction to form hydroxyl ions, as shown in Equation 2.5. Thereafter, FeCl3 drags 
its unstable ferrous ions  into solution, where they react with the available hydroxyl 
ions to form Fe (OH) 2. This reaction releases Cl
ˉ 
ions into the solution and consumes 
the hydroxyl ions, as shown in Equation 2.6. 
                
                                                                                                               (   ) 
          
                                                                                                                      (   ) 
     
         (  )     
                                                                                                (   ) 
During the oxidation reaction, electrons are released then flow through the steel bar 
to the cathode. This process results in an increase in the concentration of the chloride 
ions and a reduction of the pH at the points of corrosion initiation, which may probably 
lead to the process of pitting corrosion.  
"The chloride ions play a dominant role in the initiation of reinforcement corrosion. 
From this perspective, ACI 318 limits the water-soluble chlorides to 0.15% by weight of 
cement. ACI Committee 224, adopting a more conservative approach, has suggested that 
the acid-soluble chloride content should not be more than 0.2% by weight of cement. The 
British Standard, (BS 8110) allows a maximum total chloride content of 0.4%" [12]. 
Hausmann [13] suggested that the critical Cl
-
/OH
-
 ratio is about 0.6. Amoudi et al. [14] 
reported that minimal reinforcement corrosion in blast furnace slag and silica fume cement 
mortar specimens placed in the aggressive environment of sabkha has been observed even 
at Cl
-
/OH
-
 ratios of 6.5 and 3.3, respectively. 
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2.1.3  Effect of Sulfate Ions on Reinforcement Corrosion 
In sabkha soils and marine environment, sulfates and chlorides are present together 
and they considerably affect the durability of concrete. Studies conducted by Holden et al. 
[15] on the pore solution composition of pastes prepared with fixed quantities of sulfates 
and chlorides indicate an increase in the OH
-
 concentration due to the addition of sulfates 
as compared to the alkalinity of pore solution of cement contaminated with similar 
quantities of chloride salts alone. These results showed the tendency of sulfates ion to 
reacts preferentially with the C3A in cement. Hence, corrosion risk is probably to be 
significantly increased in environments where concrete is subjected to both chloride and 
sulfate salts [15]. 
Al-Amoudi and Maslehuddin [16] investigated reinforcement corrosion in 
cement paste specimens immersed in sulfate, chloride, and sulfate plus chloride 
environments. It was reported that while the sulfate ions alone were not able to induce 
reinforcement corrosion while substantial corrosion activity was observed in the 
specimens immersed in sulfate plus chloride solution.  
2.1.4 Effect of Temperature on Reinforcement Corrosion  
Most regions in the Kingdom of Saudi Arabia are exposed to relatively high 
temperature of 40 to 50 ºC especially in the summer. The temperature of concrete surface 
reaches 70 to 75 ºC due to solar radiation. Mehta and Gerwica [17] reported that an 
increase in temperature increases the kinetics of corrosion reaction and respective factors 
such as corrosion rate and corrosion current density. They investigated the concrete with 
high quantity of cement 375 kg/m
3
 and w/c ratio of 0.45 which was used in beams of San 
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Mateo Bridge. All beams were exposed to the same environment, however, after 17 
years; the steam-cured beams were damaged due to corrosion impact and needed to be 
repaired. However, the naturally-cured beams showed no corrosion damage. They 
reported that the micro-cracking in the steam cured beams due to temperature gradients 
made them more permeable to oxygen and chloride, thus accelerating the corrosion 
process. 
The data available for the performance of concrete under high temperature is very 
little. It was reported that the initiation time for the corrosion of reinforcement at 10 ºC is 
approximately three times lower than that at 30º C [18]. 
2.2  Use of Corrosion Inhibitors 
 A corrosion inhibitor is a chemical compound that, when added in the form of gas, or 
liquid, reduces the corrosion rates of a material, typically an alloy or a metal. The 
advantages of using inhibitors to provide corrosion protection are that they are uniformly 
distributed throughout the concrete matrix, protecting the entire steel surface; and that the 
concrete’s low permeability prevents the inhibitor from leaching out [19]. Reinforced 
concrete is extensively used in of Saudi Arabia, due to its cost and durability advantages 
over other structural materials. However, the presence of chloride-contaminated concrete 
ingredients and severe exposure conditions causes premature deterioration of reinforced 
concrete, mainly due to reinforcement corrosion, is definite if additional corrosion 
protection measures are not implemented [19]. In situations where sulfate and chloride 
contamination is inevitable, one of the main ways of protecting reinforcing steel from 
corrosion is to add a chemical corrosion inhibitor to the concrete.  While a large number 
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of inhibitors have been produced, only a small group of these inhibitors have been 
critically studied, and only a few of these inhibitors are used commercially [20]. 
Over  the past fifteen years, corrosion  inhibitors  have been  used extensively for 
long-term  protection  of reinforced  concrete  structures  in many  applications,  for 
example  highway  bridges, marine  structures  and parking  garages,  etc.  In the Middle 
East, corrosion inhibitors have also been used.  In the UAE, according to Matta and 
Berke [21], more than 100,000 m
3
 of concrete containing calcium nitrite have been used 
to build swimming pools, power stations, sea walls, and other residential 
structures. Studies were also conducted at King Fahd University of Petroleum and 
Minerals (KFUPM) to assess the usefulness of chemical inhibitors in the aggressive 
environments of the Arabian Gulf.  In the earliest study conducted at KFUPM [22], the 
effectiveness of selected inhibitors in decreasing reinforcement corrosion in concrete 
incorporating unwashed aggregates, brackish water or seawater was investigated.  The 
results of that study indicated that calcium nitrate was effective in delaying the onset of 
reinforcement corrosion in the concrete specimens incorporating seawater, chloride 
solution or chloride plus sulfate solution. In the concrete specimens prepared with 
brackish water or unwashed aggregates, all the inhibitors were generally effective in 
delaying the onset of reinforcement corrosion [22]. 
The time to initiation of reinforcement corrosion was also calculated by measuring the 
corrosion current density (Icorr). Corrosion was assumed to have been initiated when Icorr 
was more than 0.3 µA/cm
2
. Corrosion initiation was indicated only in the control 
concrete specimens incorporating chloride, chloride plus sulfate or seawater, as a 
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contamination. All the inhibitors were effective in delaying the onset of reinforcement 
corrosion, even in the presence of chloride or chloride plus sulfate contamination [22]. 
2.3  Types of Corrosion Inhibitors 
 Corrosion inhibitors can be divided into three types: anodic, cathodic, and mixed, 
depending on whether they interface with the corrosion reaction preferentially at the 
anodic or cathodic sites or whether both are involved [23]. Each of these corrosion 
inhibitor groups may include materials which mitigate reinforcement corrosion by one of 
the following mechanisms: (a) formation of layers; (b) oxidation by passivation of the 
surface, and (c) inhibiting the environment in contact with the metal. 
Anodic types of corrosion inhibitors are materials that work as inhibitors due to their 
ability to accept electrons. They operate their action by stifling the reaction at the anode. 
Anodic inhibitors are usually used in near-neutral solutions where a sparingly soluble 
corrosion product, such as hydroxides, oxides or salts are formed. Most of these types of 
inhibitors are effective only when used in high concentrations. The required 
concentration is often dependent on the level of chlorides at the bar level. The most 
materials belonging to anodic inhibitors group are sodium nitrite, calcium nitrite, sodium 
benzoate and sodium chromate [23]. Figure 2.3 shows Evans diagram for the effect of 
anodic inhibitor. 
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Figure  2.3: Evans Diagram Showing the Effect of Anodic Inhibitor (adapted from 
Wranglen, 1985) 
 
Cathodic inhibitors: These inhibitors operate either by selectively hasten at the cathodic 
sites or by slowing the cathodic reaction. Most of the materials of this group are strong 
acceptors for protons and their action, in contrary to anodic inhibitors, is usually indirect.  
Cathodic inhibitor is effective in prevent oxygen reduction by the formation of 
protective inhibitor film at cathodic sites. Hence, it is commonly used in cooling water 
treatment. The most commonly used materials in this group are bases, like NaOH, 
NH4OH or Na2CO3, that increase the pH of the concrete medium and thereby reducing 
the solubility of the ferrous ions [23]. Figure 2.4 shows Evans diagram by Revie (2011) 
showing the effective of cathodic inhibitor in reducing the corrosion rate. These types of 
corrosion inhibitors shift corrosion potential to the positive side hence reduce corrosion 
current density and corrosion rate. 
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Figure  2.4: Effect of Cathodic Inhibitor in Reduce Corrosion Rate (Revie, 2011) 
 
 
Mixed inhibitors: These inhibitors may simultaneously affect both the cathodic and 
anodic processes. A mixed inhibitor is usually highly desirable because its effect is all 
encompassing, including corrosion resulting from microcells on the metal surface as well 
as that due to chloride attack. These types of inhibitors contain molecules in which the 
electron density distribution makes the inhibitor to be attracted to both the cathodic and 
anodicd sites [23]. There are many types of this inhibitor such as zinc phosphonate and 
molybdate – phosphonate. Figure 2.5 shows corrosion kinetics of mixed inhibitor. 
 
Figure  2.5: Corrosion Kinetics of Mixed Inhibitor (adapted from Wranglen, 1985) 
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2.4  Previous Studies on Corrosion Inhibitors  
Several studies have been conducted to evaluate the effectiveness of chemical 
admixtures in inhibiting reinforcement corrosion [24-29]. Early studies were concentrated 
on sodium nitrite, potassium chromate, sodium benzoate, and stannous chloride. Later 
work concentrated mainly on calcium nitrate. El-Jazairi et al. [30] from their work on 
calcium nitrate concluded that, for effective performance of calcium nitrate exposed to 
aggressive environments, it is essential to use good quality concrete. They indicated that 
the use of adequate dosage of the corrosion inhibiting admixture based on calcium nitrate 
in good quality concrete provides additional safe guard and protection to reinforcing steel 
in concrete exposed to aggressive environments. According to them, calcium nitrate-
based admixture has no detrimental effect on the durability of reinforced concrete even at 
reduced levels [30]. It enhances the early strength development of concrete and provides 
long-term protection to reinforcement. 
The effect of calcium nitrate-based corrosion inhibitor and crack width on 
reinforcement corrosion in high performance concrete was investigated by Montes et al. 
[31]. They reported that the inhibitor alone does not always provide corrosion protection 
to the reinforcing steel in the concrete.  The inhibitor failed to protect the reinforcing steel 
even in uncracked concrete.  However, in combination with good quality concrete, 
incorporating fly ash, the inhibitor was found to be effective in reducing the effect of 
chloride-induced reinforcement corrosion. 
Maeder [32] investigated the effectiveness of some mixed types of organic inhibitors 
in inhibiting reinforcement corrosion. These inhibitors were amines and alkanolamines 
and their salts were organic and inorganic acids. According to the author, the unique 
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feature of these inhibitors is their ability to diffuse a considerable distance through 
concrete because of their high vapor pressure. When these inhibitors are added to 
concrete, they do not delay the time of set. They diffuse to both anodic and cathodic sites 
and provide protection to reinforcing steel. Furthermore, the author indicates that these 
inhibitors are preferable over nitrites as they are non-toxic. 
The effectiveness of amino-alcohol-based mixed corrosion inhibitors in reducing the 
rate of reinforcement corrosion was studied by Wombacher et al. [33].  The inhibiting 
properties were assessed in concrete and in an alkaline electrolyte.  Results indicated a 
delay in the onset of reinforcement corrosion and a decrease in its rate.  According to the 
authors, the inhibitor can be applied on the surface of existing concrete structures, in 
repair mortars or in grouts for rock bolts and anchors [33]. Also, Jamil et al. [34] 
conducted electro-chemical impedance measurements in order to obtain information on 
the corrosion behavior of reinforcing steel in the presence of a penetrating amino-alcohol 
corrosion inhibitor. The investigation was performed in solutions contaminated with 
chlorides, in the presence of the inhibitor. The electro-chemical results indicated that the 
inhibitor is able to penetrate through mortar, minimizing steel corrosion. 
Scott et al. [35] conducted a long-term corrosion study to determine the effectiveness 
of calcium nitrate, silica fume, fly ash, ground granulated blast furnace slag, and 
disodium tetrapropenyl succinte (DSS) in reducing corrosion of reinforcing steel in 
concrete. Mixture proportions included: single, double, and triple combinations of these 
admixtures. Non-cracked and pre-cracked slab specimens were evaluated by visual 
inspection, macrocell readings, half-cell potentials and autopsies. Triple combinations of 
calcium nitrate, silica fume, and either fly ash or ground granulated blast furnace slag, as 
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well as a double combination of calcium nitrate and ground granulated blast furnace slag, 
performed very well and were recommended in concrete mixtures exposed to severe 
corrosive environments. DSS outperformed the other admixtures in corrosion prevention. 
However, it resulted in somewhat lower compressive strength and was not fully tested for 
effects on other concrete properties. 
Qian and Cusson [36] stated that conclusions from previous studies on the 
effectiveness and field performance of inhibitors on corrosion of reinforcing steel are 
controversial. They investigated eight commercial corrosion-inhibiting systems using 
them in a newly reconstructed barrier wall of a highway bridge. Results from a 5-year 
field survey and laboratory electro-chemical study were presented revealed that low 
corrosion rates in all spans and more time were needed to induce the significant corrosion 
activity. Laboratory tests showed cementitious inhibitor coatings applied directly on the 
rebar could reduce or delay corrosion compared with the cement-coated samples at 
equivalent NaCl concentrations in a saturated Ca (OH) 2 solution.  
Malik et al. [37] investigated the performance of dimethyl ethanol amine-based and 
triethanol amine-based migratory corrosion inhibitors when applied on the surface of 
concrete.  Reinforced concrete specimens coated with migratory inhibitors were exposed 
to 5% NaCl solution and to the Arabian Gulf seawater for up to 12 months. The condition 
of the steel bars was evaluated by physical examination and electro-chemical 
measurements. The results indicated that the corrosion inhibitors utilized were generally 
able to decrease the corrosion rate of steel in concrete. However, the effect of inhibitors 
on reinforcement corrosion was not significantly noticeable due to the small period, i.e., 
12 months, of exposure. 
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Al-Mehthel et al. [38] conducted a study to evaluate the improvement in corrosion 
resistance of chloride-contaminated silica fume cement concrete due to the use of 
corrosion inhibitors. Three proprietary inhibitors and one generic corrosion inhibitor were 
evaluated for their performance in inhibiting reinforcement corrosion in the silica fume 
cement concrete specimens contaminated with 0.4%, 1% and 2% chloride concentration, 
by weight of cementations materials. Some of the specimens were subjected to wetting 
and drying cycles and reinforcement corrosion was monitored by measuring the corrosion 
potentials and corrosion current density. Another batch of concrete specimens was 
partially immersed in the chloride solution and reinforcement corrosion was accelerated 
by impressing an anodic potential of 2V. The extent of corrosion increased with 
increasing chloride contamination in the concrete specimens.  Incorporation of inhibitor 
generally decreased the rate of reinforcement corrosion. The rate of reinforcement 
corrosion in the concrete specimens incorporating an organic inhibitor that was added to 
the concrete during mixing was the least followed by that in the concrete specimens on 
which a penetrating corrosion inhibitor was applied. 
Investigation of five corrosion inhibitors was carried out by Belew [39]. The results 
showed that only calcium nitrite was effective, based on testing performed on concrete 
samples which were prepared according to ASTM G 109 and cracked beam testing [39]. 
Different types of commercially available corrosion inhibiting admixtures which can 
be used in concretes made with basalt aggregates common to Hawaii and Pacific Islands 
were evaluated by the Hawaii Department of Transportation [40]. These inhibitors were 
categorized into two main types. Type I admixtures attempt to decrease the concrete 
permeability that included: latex modifier, Xypex Admix C-2000, Kryton KIM, fly ash 
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and silica fume. Type II admixtures tend to increase the chloride concentration threshold: 
Rheocrete CNI, Darex Corrosion Inhibitor (DCI), FerroGard 901and Rheocrete 222. The 
results showed that Panel with Type 1 admixtures revealed significantly lower half-cell 
potentials than the corresponding control panel whereas the panels with Type 2 
admixtures showed  varying degrees of corrosion probability based on half-cell 
measurements [40]. 
A recent study was performed by Qian and Cusson to evaluate corrosion protection 
methods for reinforced concrete bridges, in the presence of chemical corrosion inhibitors 
utilizing ASTM G 109 concrete samples [41]. Furthermore, on-site measurements were 
also carried out. The results indicated that ASTM G 109 concrete samples containing 
corrosion inhibitors did not show any activation after long period of testing (10 years). 
The control concrete samples which did not contain any chemical inhibitors showed 
corrosion activation after seven years of testing [41]. 
Carvallo et al. [42] evaluated the effectiveness of three different types of 
commercially available corrosion inhibitors for steel in concrete, Ferro Gard 901, 
Rheocrete 222
+
 and DCI (calcium nitrite-based). The results showed that calcium nitrite 
was the most effective of the three selected chemical inhibitors in mitigating corrosion, 
while the other two inhibitors were ineffective regardless of concrete quality. Both fly ash 
and silica fume were ineffective in improving the long term corrosion performance of the 
embedded bars in concrete. They also reported that no one of the three corrosion 
inhibitors affected sulfate resistance, strength, and chloride penetration in concrete [42]. 
Muralidharan et al. [43] evaluated the performance of admixed and migrating 
inhibitors for reinforcement embedded in portland pozzolona cement (PPC), ordinary 
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portland cement (OPC), and portland slag cement (PSC) concretes by using macro cell 
corrosion set-up. The results revealed that migrating corrosion inhibitor performed better 
than admixed inhibitor in decreasing the corrosion rate of steel bars embedded in 
different types of concretes under macro cell set up. 
Laboratory studies were carried out to evaluate the performance of four commercially 
available corrosion inhibitors, Rheocrete 222+, DCI–S, Ferrogard 901 and XYPEX 
C1000 [44]. All concrete samples were prepared according to ASTM G 109. The results 
gave the following list from the best performance to the worst: XYPEX C-1000, 
Rheocrete 222-t, DCI-S, Ferrogard 901and the control [44]. 
Three corrosion inhibitors, sodium nitrite (NaNO2), sodium phosphate (Na3PO4), and 
benzotriazole (BTA), in simulated concrete pore solutions were investigated [45]. 
Corrosion behavior of steel was studied by means of linear polarization resistance (LPR), 
corrosion potential (Ecorr), electrochemical impedance spectroscopy (EIS), and potentio-
dynamic polarization (PDP). Scanning electron microscope (SEM) was used for noticing 
the morphology and microstructures of corrosion products of steel. The results indicated 
that BTA may be a potentially effective inhibitor to prevent corrosion of steel in 
simulated concrete pore solutions, while sodium nitrite (NaNO2) and sodium phosphate 
(Na3PO4) are not good corrosion inhibitors [45]. 
Corrosion rate of reinforcing steels was measured in solutions simulating electrolytic 
chloride environments in the presence of sodium nitrite as corrosion inhibitor [46]. The 
presence of sodium nitrite significantly reduced the corrosion rate at low chloride 
contents, but this efficiency decreases when the pH was decreased [46]. 
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Polarization study has been done to evaluate the corrosion behavior of mild steel in 
electrolyte simulating concrete pore solution with various water samples such as different 
types of ions such as well water, rainwater and seawater [47]. The corrosion resistance of 
mild steel bar in simulated concrete pore solution is as follows: Rainwater > Well water > 
Seawater. This is evaluated by corrosion current values and linear polarization resistance 
values [47]. 
The effect of Benzotriazole and four other Benzotriazole derivatives on the steel 
corrosion resistance in simulated concrete pore solution was evaluated [48]. Electro-
chemical impedance, potentio-dynamic polarization, electro-chemical impedance 
polarization and Fourier transform infrared spectroscopy (FTIR) were used to assess the 
steel corrosion protection systems. The potentio-dynamic polarization studies indicated 
an increase in the pitting potential for all selected protection systems. These inhibitors 
provided good protection to steel in simulated concrete pore solution [48]. 
Investigation of the corrosion behavior of carbon steel in the presence of alkaline 
medium with very low concentration of polymeric nanoaggregates as corrosion inhibitors 
[49]. The steel electrodes were investigated in chloride-containing and chloride-free 
cement extracts. The electro-chemical impedance spectroscopy, potentio-dynamic 
polarization measurements indicated that the presence of polymeric nanoaggregates 
(micelles) increased corrosion resistance of the carbon steel [49]. 
Evaluation of an imidazoline derivative for corrosion inhibition activity was carried 
out for carbon steel in presence of 5% NaCl in simulated concrete pore solution using 
electro-chemical measurements [50]. The results showed that imidazoline derivative acts 
as a cathodic type inhibitor and an effective inhibitor in protecting carbon steel from 
corrosion in alkaline chloride solution [50]. 
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Pereira et al. [51] evaluated the efficiency of two organic corrosion inhibitors, a 
migratory and an admixed, by electro-chemical techniques in solutions simulating the 
interstitial electrolyte of concrete and on concrete slabs exposed to natural environmental 
conditions over a five-year period. From the obtained results, the usefulness of the two 
products was discussed in view of their application in new structures to prevent chloride-
induced corrosion and as a curative method for repairing reinforced concrete structures 
contaminated with chlorides and affected by reinforcement corrosion. 
Ormellese et al. [52] studied the inhibitive action of organic substances on carbon 
steel in alkaline environment. The effect of aminic and carboxylic groups was 
investigated through electro-chemical potentio-dynamic polarisation tests in simulated 
concrete pore solution in the presence of chlorides. They reported that amines showed 
poor inhibition effect, with very scattered results when their volatility increased. 
Aminoacids were reported to show some inhibition effect, but not sufficient for industrial 
applications. Carboxylate substances, especially poly-carboxylates, showed very good 
inhibition effectiveness, making them the most promising candidates among the tested 
substances. However, the authors recommend confirmation tests on concrete to check the 
compatibility of studied inhibitors with concrete and long-term effectiveness of the 
organic inhibitors [52]. 
In a study by Mennucci et al. [53], benzotriazole (BTAH), a well-known corrosion 
inhibitor for copper, was evaluated as a possible corrosion inhibitor of carbon steel (CA-
50) in concrete. BTAH was added to a simulated pore solution of an aged concrete with 
the addition of 3.5 wt% NaCl to imitate marine environments. The effect of BTAH in a 
concentration of 1.5 wt% on the corrosion resistance of CA-50 carbon steel was 
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investigated by electro-chemical impedance spectroscopy (EIS) and potentio-dynamic 
polarization tests. The improvement of the corrosion resistance due to BTAH addition 
was superior to that associated with nitrite in similar concentration, suggesting that 
BTAH is a potentially attractive alternative to nitrites for inhibiting corrosion of 
reinforcing steel in concrete. 
Nguyen and Shi [54] evaluated the role of salt contamination and corrosion inhibiting 
admixtures on reinforcement corrosion. Cement mortar specimens were prepared with 
NaCl and one of the three admixed corrosion inhibitors, sodium nitrite, disodium β-
glycerophosphate, or N,N′-dimethylethanolamine. After 28 days of curing, all steel-
mortar samples were ponded with 3% NaCl solution and electro-chemical impedance 
spectroscopy (EIS) measurements were conducted periodically during the first 48 days. 
After 60 days of ponding by 3% NaCl solution, field-emission scanning electron 
microscopy (FESEM) analyses were conducted on the fracture surface of the steel-mortar 
sample. They reported that admixed chlorides and inhibitors in fresh mortar changed the 
morphology and cement hydration product of hardened mortar at the steel-mortar 
interface [54]. The EIS data indicated that all inhibitors increased the polarization 
resistance of steel, implying reduced corrosion rate of the steel over 48-day exposure to 
salt ponding. 0.05 M N,N′-dimethylethanolamine was reported to be the most effective 
corrosion inhibitor, followed by 0.5 M sodium nitrite; whereas 0.05 M disodium β-
glycerophosphate was a slower and less capable corrosion inhibitor. 
The influence of alkaline nitrites on the inhibition of corrosion of steel in binary and 
ternary cement environments was evaluated by Song et al. [55]. pH measurements carried 
out for binary and ternary cement extracts were reported to show that the alkalinity of the 
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cement was not affected by making use of binary and ternary cements. Gravimetric 
measurements showed that the decrease in the corrosion rate of steel in different systems 
follows the order: Ternary > Ordinary Portland cement (OPC) + Portland slag cement 
(PSC) > (OPC) + Portland pozzalona cement (PPC) > (PPC + PSC). Potential-time 
studies indicated that the ability to maintain the passivity of steel in different systems also 
follows the order as above. Potentio-dynamic polarization studies for steel in binary and 
ternary cement environments showed the favorable influence of the presence of higher 
amounts of chlorides. The authors reported that nitrites of sodium, potassium and calcium 
act as anodic inhibitors and they compete with chloride ions for the ferrous ions at the 
steel to form a film of ferric oxide [55]. An efficiency, as high as 91%, was reported for 
the ternary system containing 1% chloride and 0.5% nitrite. The degree of surface 
coverage showed a maximum value for the ternary system (>0.9) even in the presence of 
a higher amount of chloride thereby indicating the better performance of the system. 
Mechmeche et al. [56] studied the effective modes of use of an amino-alcohol based 
mixed corrosion inhibitor. The inhibitor was tested in fresh pore concrete simulating 
solutions. The effectiveness of the corrosion inhibitor was investigated through corrosion 
potential measurements, polarization curves and microscopic observations. The authors 
reported that the best inhibiting capacity was noted when the inhibitor was introduced in 
the solution before the contamination with chlorides [56]. The efficiency of the inhibitor 
was demonstrated even in the case of chloride presence. 
Ann and Buenfeld [57] conducted laboratory studies to assess the effect of calcium 
nitrite-based corrosion inhibitors in raising the chloride threshold level (CTL) for the 
corrosion of steel embedded in concrete and, hence, the time to corrosion initiation. 
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Concrete specimens with a centrally located steel rebar were cast with 0, 1, 2, 2.5, and 
5.0% nitrite by weight of cement and were cured for 4 weeks. They were then immersed 
in 4M sodium chloride solution and the galvanic current between the embedded steel and 
an external cathode was monitored. The CTL of nitrite-free specimens was reported to be 
typically doubled and trebled by 2.5% nitrite and 5% nitrite, respectively. It was reported 
that the time to corrosion depended on the cement content. Use of low cement content 
(282 kg/m
3
) increased the CTL as the dosage of nitrite in concrete increased, but did not 
extend the time to corrosion because it accelerated chloride penetration. For a richer mix 
(350 kg/m
3
), the time to corrosion increased with the dosage of calcium nitrite. After 
corrosion initiation, the corrosion rate for specimens containing calcium nitrite was 
typically two to three times higher than for nitrite-free specimens. 
Berke and Hicks [58] published long-term data to show the levels of chloride that a 
given level of calcium nitrate can protect. They also indicated that once corrosion is 
initiated, the rates are lower with the addition of calcium nitrate.  Justnes and Hygaard 
[59] used calcium nitrate as a corrosion inhibitor in their research work. The scope of 
their work was to determine the effect of calcium nitrate on both the chloride-binding 
capacity and chloride-induced reinforcement corrosion. They concluded that addition of 
3.85% calcium nitrate to 1:3 mortars, with and without silica fume, tends to reduce the 1-
day strength, but increases the compressive strength from 8 until 56 days of curing. The 
corrosion rate of embedded steel was; however, five times lower than that in an identical 
mortar without calcium nitrate. 
Nmai [60] studied the multi-functional benefits of a water-based organic corrosion 
inhibitor.  The organic inhibitor investigated consisted of amines of fatty acid esters.  The 
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time to corrosion data indicated that the inhibitor is effective in both the moderate (w/c: 
0.5) and high (w/c: 0.4) quality concretes.  The permeability-reducing characteristic of 
the inhibitor was also helpful in reducing the deterioration due to the ingress of other 
aggressive species, such as sulfates and sulfuric acid.  
American Engineering and Testing made a comparative study on cracked beam for 
three commercial corrosion inhibitors. These inhibitors include Rheocrete 222+, DCI and 
MCI 2005 NS. The test is a modified ASTM G 109 test using 6% salt solution for 
ponding and week-long test cycles (instead of 3.5% salt solution and two week cycles). 
The results showed that MCI 2005 NS is approximately twice as effective as Rheocrete 
222+ and DCI in preventing corrosion [61]. 
2.5 Significance of This Research 
The literature review, mostly cited in the previous section, reported that several 
chemical admixtures have been used in concrete construction to retard or inhibit 
reinforcement corrosion. However, several aspects, such as the exposure temperature and 
the combined presence of chloride and sulfate ions, on the effectiveness of corrosion 
inhibitors have not been well studied. The performance of corrosion inhibitors exposed to 
temperature variation, representative of the environmental conditions of the Arabian Gulf 
needs to be investigated. Such a study is essential for the Arabian Gulf countries. 
Consequently, there is an urgent need to study the performance of various types of 
inhibitors under the local exposure conditions. 
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CHAPTER 3  
METHODOLOGY OF RESEARCH 
This chapter outlines the materials and the test methods utilized to fulfill the 
objectives of the present study. In this study,  the effect of inhibitor type on corrosion 
behavior of steel bars under varying exposure conditions in terms of temperature and 
chloride and sulfate concentration was evaluated. Also, the mechanisms of corrosion 
protection provided by the selected corrosion inhibitors were evaluated by measuring the 
corrosion rate using potentio-dynamic scanning and linear polarization techniques on steel 
specimens immersed in simulated concrete  pore solution (SCPS) incorporating one of the 
selected corrosion inhibitors. Furthermore, macro-cell current, corrosion potential and total 
corrosion in both sound and cracked ASTM G 109 concrete specimens in the presence of 
corrosion inhibitors were evaluated. In order to fulfill all the above-mentioned tasks, the 
following sections describe the materials and various techniques. 
3.1 Materials 
The materials that were used in this investigation are detailed in the following sub-
sections. 
3.1.1  Corrosion Inhibitors 
Based on a local market survey and literature review, five corrosion inhibitors were 
selected. A brief description of each type of the selected inhibitors is as follows: 
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(i)  Inhibitor I is a liquid concrete admixture based on calcium nitrite. The 
manufacturer has claimed that Inhibitor I can be used in conjunction with 
other concrete admixtures. Also, it acts as a corrosion inhibitor for steel 
embedded in concrete structures. Furthermore, it does not affect the strength 
or workability of concrete. The recommended dosage is in the range of 7.5 to 
22.5 l/m³ (about 2-6% by weight of the cementitious materials). 
(ii)   Inhibitor II is a liquid concrete admixture based on calcium nitrite. The 
manufacturer has claimed that Inhibitor II is able to form effective surface 
barrier for protecting the steel embedded in concrete from chlorides. 
Moreover, it increases the compressive strength of concrete. The 
recommended dosage is in the range of 10.0 to 38.0 l/m³ of concrete 
depending upon the chloride rate. 
(iii) Inhibitor III is a liquid concrete admixture based on amine carboxylate type. It 
is claimed that this inhibitor is able to protect steel reinforcing, carbon steel, 
galvanized steel and any other metals from corrosion induced by chloride, 
carbonation and atmospheric attack. It is recommended for all reinforced 
concrete, prestressed, post-tensioned, precast, or marine concrete structures. 
The recommended dosage is 0.6 l/m
3
.  
(iv) Inhibitor IV is a liquid concrete admixture based on modified amino alcohol”. 
The manufacturer has been claimed that this inhibitor can be used as a 
corrosion inhibitor to protect steel embedded in concrete structures. 
Furthermore, the manufacturer reported that “because of its high affinity to 
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steel, Inhibitor IV is able to displace chloride ions from the metal surface to 
protect concrete from chloride induced corrosion.” The recommended dosage 
is in the range of 3-4% by weight of cementitious materials. 
(v) Inhibitor V is a liquid concrete admixture based on calcium nitrite. The 
manufacturer has claimed that this inhibitor effectively inhibits corrosion in all 
types of metals embedded in concrete structures including pre-stressed, precast 
and post-tensioned concrete. It is claimed that it is able to extend the service 
life of concrete structures. The typical dosage of this inhibitor is in the range of 
10.0 to 30.0 l/m³ of concrete depending upon the severity of environment. 
 
 
 
 
3.1.2  Aggregates 
Crushed limestone aggregates with maximum size of 1/2 inch (12.5 mm) obtained from 
quarries in Abu-Hadriyah were used. It was first sieved into different size fractions and 
then washed with potable water to remove salt and dust contamination. Thereafter, it was 
air-dried for 48 hours and stored till used. The absorption and bulk specific gravity of the 
coarse aggregate were determined as per ASTM C 127 and were found to be 2.9% and 
2.60, respectively. Also, dune sand with an average absorption of 0.57% and specific 
gravity of 2.56 was used as fine aggregate. Table 3.1 shows the grading of the coarse 
aggregates used in preparing the concrete specimens based on ASTM C 33. Potable water 
was used for mixing the concrete constituents for all ASTM G 109 specimens. 
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Table ‎3.1: Grading of the Coarse Aggregates Used in the Preparing Concrete Specimens 
 
 
3.1.3  Cement 
ASTM C 150 Type I and silica fume were used in preparing all concrete mixes. Table 
3.2 shows the chemical composition of Portland cement and silica fume. 
 
Table ‎3.2: Chemical Composition of Portland Cement and Silica Fume 
 
Constituents (wt %) Type I Cement Silica Fume 
SiO2 19.92 98.7 
Al2O3 6.54 0.21 
Fe2O3 2.09 0.046 
CaO 64.70 0.024 
MgO 1.84 - 
SO3 2.61 0.015 
K2O 0.56 0.048 
Na2O 0.28 0.085 
C3S 55.9 - 
C2S 19 - 
C3A 7.5 - 
C4AF 9.8 - 
Size Wt. Retained % 
Cum. Weight. 
Retained 
Passing % 
ASTM C 33, 
No. 7 
3/4” 0 0 100 - 
1/2” 40 40 60 25-60 
3/8” - - - - 
3/16” 50 90 10 0-10 
3/32” 10 100 0 0-5 
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3.1.4 Steel 
Deformed mild steel bars produced by the Saudi Iron and Steel Company (HADEED) 
with a diameter of 16 mm were used to prepare all the steel specimens for potentio-
dynamic test in the simulated concrete pore solution analysis (SCPS), while 12 mm steel 
bars were used for preparing the concrete specimens according to ASTM G 109.   
 
3.2  Test Variables 
 In order to fulfil the objectives of this investigation, the following test variables were 
selected to simulate moderate and severe environmental conditions in the eastern 
province of Saudi Arabia: 
1) Type of corrosion inhibitor (Five different types of corrosion inhibitor). 
2) Temperature (25, 40 and 55 ºC). 
3) Chloride concentration (1000, 1500 and 2000 ppm). 
4) Sulfate concentration (500 and 2000 ppm). 
Tables 3.3 through 3.5 show the types of inhibitor, temperature range and chloride sulfate 
concentration and the relevant tests, while Tables 3.6 and 3.7 show the details of concrete 
specimens for determining the chloride threshold values. 
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Table ‎3.3: Potentio-Dynamic Tests on Steel Samples in Presence of Chloride and 
Varying Temperature 
 
Inhibitor 
Chloride 
Concentration 
(ppm) 
Temperature 
(  C) 
Evaluation Test 
 None (Control) 
1000  25  
 
 
 
 
 
- Potentio-dynamic technique. 
 
 
 
- Linear polarization method. 
 
 
 
 
 
1500  40  
2000  55 
 Inhibitor I 
1000  25  
1500  40  
2000  55 
Inhibitor II 
1000  25  
1500  40  
2000  55 
 Inhibitor III 
1000  25  
1500  40  
2000  55 
 Inhibitor IV 
1000  25  
1500  40  
2000  55 
 Inhibitor V 
1000  25  
1500  40  
2000  55 
35 
 
Table ‎3.4: Details of Potentio-Dynamic Tests on Steel Samples in the Presence of 
Chloride and Sulfate 
 
 
Inhibitor  
Chloride 
Concentration 
(ppm) 
Sulfate 
Concentration 
(ppm) 
Temperature 
(°C) 
Evaluation Test 
 None 
(Control) 
1000  
500  
 
2000  
40 
 
- Potentio-dynamic       
  technique. 
 
 
 -Linear polarization method. 
 
 Inhibitor I 1000  
500  
 
2000  
40 
 Inhibitor II 1000  
500  
 
2000  
40 
Inhibitor III 1000  
500  
 
2000  
40 
 Inhibitor IV 1000  
500  
 
2000  
40 
Inhibitor V 1000  
500  
 
2000  
40 
 
  
36 
 
Table  3.5: Details of Steel Samples for SEM 
 
Inhibitor 
Chloride 
Concentration 
(ppm) 
Sulfate 
Concentration 
(ppm) 
Temperature 
(°C) 
No. of Steel 
Specimens 
Evaluation 
Properties 
None(Control) 1500  - 
25 
 
55 
2 
M
ic
ro
st
ru
ct
u
re
 
Inhibitor I 1500  - 
25 
 
55 
2 
Inhibitor II 1500  - 
25 
 
55 
2 
Inhibitor III 1500  - 
25 
 
55 
2 
Inhibitor IV 1500  - 
25 
 
55 
2 
Inhibitor V 1500  - 
25 
 
55 
2 
None(Control) 1000 2000 40 1 
Inhibitor I 1000 2000 40 1 
Inhibitor II 1000 2000 40 1 
Inhibitor III 1000 2000 40 1 
Inhibitor IV 1000 2000 40 1 
Inhibitor V 1000 2000 40 1 
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Table ‎3.6 : Concrete Specimens (without Crack) for Laboratory Exposure 1 
 
Inhibitor 
No. of 
Prismatic 
Specimens 
Dimensions in 
(mm) 
Test 
Evaluation 
Properties 
None (Control) 3 280 x 150 x 115 
ASTM G 109 
 
Chloride threshold  
 
Inhibitor I 3 280 x 150 x 115 
Inhibitor II 3 280 x 150 x 115 
Inhibitor III 3 280 x 150 x 115 
Inhibitor IV 3 280 x 150 x 115 
Inhibitor V 3 280 x 150 x 115 
 
 
 
Table ‎3.7: Cracked Concrete Specimens for Laboratory Exposure  
 
Inhibitor 
No. of 
prismatic 
Specimens 
Dimensions in 
(mm) 
Test 
Evaluation 
Properties 
None (Control) 3 280 x 150 x 115 
ASTM G 109 
"with artificial 
crack" 
 
Chloride 
threshold  
 
 
Inhibitor I 3 280 x 150 x 115 
Inhibitor II 3 280 x 150 x 115 
Inhibitor III 3 280 x 150 x 115 
Inhibitor IV 3 280 x 150 x 115 
Inhibitor V 3 280 x 150 x 115 
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3.3 Electro-Chemical Testing 
 
3.3.1 Steel Specimens Design 
Steel specimens of 28 mm length and 16 mm diameter were prepared and the surface 
of each sample was cleaned by using sand paper and acetone. Both ends of the steel samples 
were coated with epoxy resin, as shown in Figure 3.1. The top side of steel specimen was 
drilled to be fitted with coarse-thread stainless steel holder. The exposed area of the 
reinforcing steel was in the range of (14.50 to 14.75) cm
2
. Completed specimens are 
shown in Figure 3.2. 
 
 
Figure ‎3.2: Specimens Ready for Testing 
A threaded hole of 6 mm 
diameter and 8 mm depth 
Epoxy 
28 mm 
16 mm 
Epoxy 
Steel specimen holder 
Figure 3.1: Schematic Representation Steel Specimen 
preparation 
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3.3.2 Simulated Concrete Pore Solution 
The simulated concrete pore solution was prepared based on the analysis of concrete 
specimens at KFUPM which indicates that one liter of concrete  pore solution contains 
974 g of distilled water, 14 g of potassium hydroxide (KOH), 10 g of sodium hydroxide 
(NaOH), and 2 g of calcium hydroxide [Ca(OH)2]. The simulated concrete pore solution 
has a pH of more than 13.4. Reagent grade chemicals of KOH, NaOH and Ca (OH)2 were 
utilized to prepare the concrete pore solution. 
3.3.3 Test procedures 
The steel specimens, as described in Section 3.3.1, were placed in the corrosion cell 
containing simulated concrete pore solution incorporating one type of corrosion inhibitor 
and varying temperature and sulfate and/or chloride concentration. Thereafter, potentio-
dynamic polarization test was conducted.  
In order to conduct the proposed test procedures, specialized equipment was used 
(ACM instrument). The main components of this system included: computer operated 
potentiostat, controlled magnetic stirring table for stirring the solution during test period, 
corrosion cell, and thermometer for measuring the temperature of the solution. 
3.3.4 Description of the Corrosion Cell Preparation and Curing of Specimens 
A three electrodes cell was used for the potentio-dynamic measurement. It mainly 
consists of three electrodes which are immersed in the solution as follows: 
 Stainless steel plate was used as concrete electrode. 
 Saturated calomel electrode (SCE) used as the reference electrode.  
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 Working electrode (the tested steel specimen itself). 
The steel samples were prepared as described in 3.3.1. In order to attach the steel 
specimen to the specimen holder, a threaded hole of 6 mm diameter and 8 mm deep was 
drilled in each sample. The specimen holder was covered with a Teflon tube to prevent 
any possibility of crevice corrosion. The electrolyte level was kept below the attaching 
point all the time. Figure 3.3 shows the working electrode, reference and counter 
electrode.  
  
Figure ‎3.3: The Electrodes Used (a) Reference Electrode (b) Counter Electrode 
(c) Working Electrode Attached to its Holder 
3.3.5 Potentio-dynamic Testing  
The potentio-dynamic method measures the current for a large potential sweep from 
the cathodic to the anodic region of the corrosion potential. The potentio-dynamic studies 
were conducted on bare steel exposed to electrolyte representing the concrete pore 
solution admixed with the selected inhibitors, selected chloride concentration and 
Working electode Holder 
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selected temperature. The potentio-dynamic potential-current curves were recorded by 
changing the electrode potential from -900 to +900 mV with a scan rate of 15 
mV/minute, as shown in Figure 3.4. The schematic illustration in Figure 3.5a displays the 
main terminologies for a typical potentio-dynamic polarization diagram (PDP), which is 
plotted in terms of applied potential vs the logarithm of the measured corrosion current 
density. From this Figure, we can notice many futures which can be used to interpret the 
behavior of steel specimens under PDP test. The open circuit potential is located at Point 
(A) at which the sum of cathodic and anodic reaction on the working electrode is zero 
(often this point equals to corrosion potential). As the applied potential increases from A 
to B, anodic polarization moves to region (B), which is the passive region (increase in the 
applied potential without increase in the measured current). Point (C) is known as the 
active potential, and as the applied potential increases above this value, the current moves 
to region (D), which is called active region. At region (D), the current density increases 
with the increase in the applied potential and steel oxidation is the dominant reaction 
taking place. The increase in current continues with the increase in the applied potential 
till it reaches point (E), which is the limit point of anodic scan. In some cases, sudden 
increase in the measured current may be noted without an increase in the potential, which 
indicates presence of pitting corrosion and the corresponding potential called the pitting 
potential, as shown in Figure 3.5b. 
In the cathodic scan, the applied potential increased in the negative direction, as 
anodic scan point (A) represents the open circuit potential. As the applied potential 
increases in the negative direction the current moves into region (F), which represents the 
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oxygen reduction reaction (cathodic polarization). This increase continues till point (H), 
which is the limit point for cathodic scan. 
 
 
 
Figure ‎3.4: Potential Range and Scanning Rate as Appeared 
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Figure ‎3.5a: Schematic Illustration of Potentio-Dynamic Polarization with Various 
Terminologies 
 
 
 
 
Figure  3.5b: Schematic Illustration of Potentio-Dynamic Polarization with Pitting 
Corrosion 
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Significant information can be obtained from the potentio-dynamic polarization scan, 
some of which include the following: 
i. The potential area over which the metal remains at passive stage. 
ii. The corrosion rate of the metal sample in the passive area and the ability of the 
metal sample to be passivated, 
iii. The localized corrosion of metal samples, and 
iv. Passivity condition. 
 
3.3.6 Corrosion Current Density 
For this test, ACM instrument with three electrodes was used to conduct the 
potentio-dynamic scan. The steel specimen with 28 mm length and 16 mm diameter, as 
described in Section 3.3.1, was connected to the working electrode terminal while 
reference electrode and small steel plate were connected to the respective terminals of 
the potentiostat. This specimen was polarized by applying a potential of ±900 mV of the 
corrosion potential with scan rate of 15 mV/minute and the resulting current between the 
working and counter electrodes is measured. Figure 3.6 shows a schematic 
representation of the set-up which was used to measure the corrosion current density. 
Also, Figure 3.7 show general view of the experimental setup of corrosion current 
density test.  
Figure 3.8 depicted the main terminologies in a polarization diagram which is plotted 
between the applied potential and log measured current. The solid lines represent 
cathodic and anodic reactions, whereas the dashed lines represent the linear part of each 
reaction. The intersection of these dashed lines gives the open circuit potential (Ecorr) on 
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the vertical excise and corrosion current density on the horizontal axis. The anodic 
polarization curve is predominant at positive direction (Nobel), while cathodic 
polarization curve is predominant at negative direction (active). Then, the corrosion 
current density can be calculated using the Stern-Geary formula [63]: 
Icorr = B/Rp                                                              (3.1) 
Where: 
Icorr = corrosion current density (μA/cm
2
); 
Rp = polarization resistance, KOhms-cm
2
; 
B = (βa*βc)/(2.3(βa+βc));   
Where: 
βc and βa are the cathodic  and anodic Tafel constants, respectively. 
The Tafel constants can be determined either by polarizing the steel to ±250 mV of 
the corrosion potential or polarizing the steel to ±900 mV of the corrosion potential 
(potentio-dynamic). In case of the absence of sufficient data on tafel constants, "a value 
of 100 mV is to be used for steel in a highly resistant medium" [64]. A good correlation 
between the linear polarization technique and the weight loss determined by gravimetric 
methods was observed by Gonzalez et al [65] by using a B value of 52 mV in the passive 
state and 26 mV for steel in the active state. In our investigation, βc = βa = 120 mV was 
used throughout which corresponds to B = 26 mV. These values have been found to be 
useful in the corrosion experiments at KFUPM. 
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      Figure  3.6: Schematic Representation of the Experimental Setup Used for Electro-
Chemical Measurements 
Counter 
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Figure ‎3.7: General View of the Experimental Setup for Electro-Chemical Measurements 
 
 
 
 
 
Figure ‎3.8: The Main Terminologies in Tafel Polarization Diagram 
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3.3.7 Corrosion Potentials 
Corrosion is an electro-chemical process in which the corroding metal behaves like a 
small electro-chemical cell. This process of corrosion generates electrical potentials 
which can be detected and categorized by the half-cell. The equipment and method of 
measurment are presented in ASTM C 876 [62]. The free corrosion potential of the steel 
bar can be measured by determining the voltage difference between the steel bar and 
reference electrode which are immerged in electrolyte representing concrete pore 
solution. Also, the free corrosion potential of the steel bar for ASTM G 109 specimens 
was measured by determining the voltage difference between the top steel bar and 
reference electrode which are immerged in electrolyte representing distilled water with 
3% NaCl. The more negative the reading means greater corrosion probability. 
3.3.8 Scanning Electron Microscopy (SEM) 
The scanning electron microscope (SEM) uses beam of high-energy electrons instead 
of light to generate variety of signals at the surface of solid samples. These signals reveal 
information about the sample including its chemical composition, external morphology 
(texture), and orientation of materials making up the sample, and crystalline structure. In 
this research, the surface of mild steel samples exposed to simulated concrete pore 
solution at different temperatures and chloride or chloride plus sulfate concentrations 
with and without inhibitor were evaluated using SEM to know the surface conditions. In 
order to conduct the proposed SEM test procedures, specialized equipment (JSM-
5800LV SEM instrument) was used. The main components of this system includes: 
sample chamber, electron column, three visual display monitors and EDS detector, as 
shown in Figure 3.9. 
49 
 
 
Figure  3.9: Photographic Documentation of SEM Instrument showing the main 
Components 
 
3.4 Preparation of Concrete Specimens  
Two types of concrete specimens were prepared with one dosage of the five different 
corrosion inhibitors. The dosage of the proprietary inhibitors was that recommended by 
their manufacturers. 
3.4.1 Concrete Specimens Design 
The first type of concrete specimens was designed according to ASTM G 109, with a 
12 mm diameter steel bars. These bars were cut into 14-in (360 mm) long pieces. One 
end of steel specimen was drilled and tapped to be fitted with a coarse-thread stainless. 
The steel screwed bars were cleaned with acetone. Electroplater's tape was used to cover 
78 mm from each end of the steel samples leaving 204 mm long piece of sample exposed 
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for testing. Electrical connections and the ends of steel bars were coated with a two-part 
epoxy. Then, the steel bars were placed into wooden molds with the following 
dimensions: 280 x 150 x 115 mm (inner dimensions) in two layers. These bars must be 
placed in the middle of the mold. The top layer consisted of one steel reinforcement bar 
with a clear cover depth of 25.4 mm. While the bottom reinforcement layer consisted of 
two steel reinforcement bars that were placed 31.75 mm from bottom of the mold. Figure 
3.10 is a schematic representation of an ASTM G 109 test specimen. Photographic 
documentation of the completed specimens is shown in Figure 3.11.  
 
 
 
 
 
 
 
Figure 3.10: Schematic Representation of ASTM G 109 Specimen 
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Figure ‎3.11: Completed G 109 Concrete Specimens 
 
The second type of concrete specimens was designed according to ASTM G 109 but 
with a crack. Reinforced concrete specimens were prepared as described earlier. 
However, artificial crack was simulated in the concrete parallel to and above the top bar 
using a 0.30 mm wide, 203 mm long stainless steel shim cast into the concrete specimens. 
The shim was removed 4 hours after casting, as shown in Figures 3.12 and 3.13. 
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Figure ‎3.12: Schematic Representation ASTM G 109 Specimen with Longitudinal Crack. 
 
 
 
 
 
Figure ‎3.13:  ASTM G109 Concrete Specimen with a Longitudinal Crack 
 
0.3 mm 
longitudinal 
crack 
 
Crack depth 
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3.4.2 Concrete Proportioning 
Twelve concrete mixtures were used to cast the cracked, uncracked and control 
concrete specimens. ASTM C 150 Type I (ordinary Portland) cement and silica fume 
were used in all of the concrete mixtures. The coarse aggregate used was crushed 
limestone with a maximum size of 12.5 mm. Also, dune sand with an average absorption 
of 0.57% and specific gravity of 2.56 was used as fine aggregate. Each concrete mixture 
contained one type of the five selected corrosion inhibitors. The concrete specimens were 
prepared with the mix design shown in Table 3.8 while table 3.9 shows the dosage of 
each of the five corrosion inhibitors. 
 
 
 
Table ‎3.8: Concrete Mixture Proportions for ASTM G 109 Specimens2 
 
Quantities per cubic meter 
For both cracked and uncracked concrete 
specimens 
Cement (kg) 355 
Water (kg) 170 
Silica fume (kg) 25 
Coarse aggregate 
Opening Size (mm) Weight (kg) 
19  0.0 
12.5  449.09 
9.5  449.09 
4.75  112.27 
2.36  112.27 
Sand (kg) 748.48 
W/(C+SF) ratio 0.444 
Corrosion inhibitor 
The dosage depends on the selected 
corrosion inhibitor as shown in Table 3.9 
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Table ‎3.9: Dosage of Corrosion Inhibitor per Cubic Meter of Concrete 3 
 
Corrosion inhibitor name Quantities per cubic meter of concrete (l) * 
Inhibitor V 15 
Inhibitor II 15 
Inhibitor I 15 
Inhibitor IV 15 
Inhibitor III 0.6 
 
 * As recommend by the manufacturers 
 
 
 
3.4.3 Fabrication of Specimens  
A band saw used to cut all reinforcement to the required length (360 mm). Thereafter, 
reinforcing was drilled on a lathe, and using drill press the threads were tapped. Both 
ends of all reinforcing bars were wrapped with electroplaters tape for a length of 76 mm 
(3 in) from each end of the steel samples, as shown in Figures 3.14 and 3.15. A 89 mm 
piece of neoprene tubing (12.5mm internal diameter, 19 mm outer diameter) was then 
placed on each end to provide a second barrier layer and to protect the tape from any 
physical damage during handling (see Figure 3.16). A stainless steel screw with stainless 
steel nut was threaded into one end of the bar, and then two part waterproof epoxy was 
placed on one end of each bar, covering both the tubing and steel. The bars were then 
placed into the wooden mold so that an equal length was protruding from both ends, as 
shown in Figure 3.17. For ASTM G 109 test, the bottom two reinforcing bars are the 
cathode and the top reinforcing bar is the anode.  
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Figure ‎3.14: Reinforcing Bars for ASTM G 109 Specimens 
 
 
 
 
 
 
Figure ‎3.15: Wrapping Bars End with Electroplaters Tape 
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Figure ‎3.17: Completed Reinforcing Bars in Formwork 
 
Neoprene tubing 
Electroplating 
tape 
Epoxy coating over 
exposed bar, end and 
tubing (not shown) 
Reinforcing 
steel bar 
stainless steel 
screw 
Figure 3.16: Reinforcing Bar End Treatment 
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3.4.4 Mixing and Casting 
The concrete constituents were mixed in a revolving drum type mixer (Figure 3.18) 
for about 4 to 5 minutes till a uniform mixture was achieved. The corrosion inhibitors 
were added to the mixes by dissolving them in the mixing water. Thereafter, the molds 
were filled with concrete in roughly two equal layers (76.2 mm height each layer) and 
vibrated for consolidation by using a small vibrating table, as shown in Figure 3.19. 
ASTM G 109 requires three replicates to be made, hence three uncracked and three 
cracked specimens were cast for each type of corrosion inhibitor. The top of the 
specimens were finished with a steel float, as shown in Figure 3.20.   
 
 
 
Figure ‎3.18: Photograph for Revolving Drum Mixer 
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Figure ‎3.19: Concrete Specimens on the Vibrating Table 
 
 
 
 
Figure ‎3.20: Finishing the Surface of Concrete Specimens 
59 
 
3.4.5 Curing 
After casting, the concrete specimens were cured by covering them with plastic sheet 
for approximately 24 hours. Then, the specimens were demolded and cured by covering 
them with wet burlap for 28 days. A total of 36 specimens were covered with wet burlap 
and plastic sheets, as shown in Figures 3.21 and 3.22. These burlaps were wetted twice 
daily (at early morning and evening). After two weeks of drying, as shown in Figure 
3.23, the four vertical sides and the top, except on the inside of the plexiglass dams were 
sealed with epoxy. Then, wires were attached to each of the screws on one end of each 
top reinforcing bars (anode electrode), and the bottom two wires were connected together 
to form one wire (cathode electrode). A 100 Ohm resister was connected between the 
bottom and the top wires. Completed specimens are shown in Figure 3.24. 
 
 
 
Figure ‎3.21: Curing of Concrete Specimens by Covering them with Plastic Sheets 
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Figure ‎3.22: Curing of Specimens by Covering them with Wet Burlap 
 
 
 
 
 
 
Figure ‎3.23: Drying the Specimens after 28 Days of Curing 
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Figure ‎3.24: Specimens Ready for Measurements 
 
3.5 Testing  
The concrete specimens were stored on steel shelves in the laboratory to ensure their 
bottom surfaces are exposed to air during all period of the test. The specimens were 
ponded with 400 ml (half the height of plexiglass dam) of 3% (by weight of distilled 
water) NaCl solution for two weeks. At the end of the two weeks of ponding, the solution 
was removed by vacuuming it off. Thereafter, specimens were allowed to dry for further 
two weeks. Thereafter, specimens were ponded again, and this cycle of wetting and 
drying was repeated for six months. 
 
Macrocell corrosion test set-up 
Anode connections 
Cathode connections 
100 Ohm resistors 
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3.5.1 Corrosion Potential  
The corrosion potential of each specimen was measured with respect to the reference 
saturated calomel electrode (SCE). Since measuring the potential requires a path of 
moisture between the concrete and the electrode, corrosion potentials were only measured 
during the ponding period. One reading was taken over the top reinforcing bar at the 
beginning of the second week of wetting cycle (i.e. the bottom bar was cathode). 
Measurement of corrosion potential is shown in Figure 3.25. 
 
   
 
Figure ‎3.25: Measurement of Corrosion Potentials. 
 
  
3.5.2 Macro-Cell Current Measurement   
Macro-cell corrosion current was measured between the top and bottom layers of the 
reinforcing steel. The test measures the current flowing from the top bar which is being 
exposed to a chloride environment, while the bottom bars were free of chloride 
Voltmeter 
Reference electrode 
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environment because they acted as the cathode, and the top steel was the anode. The 100-
Ohm resistor connects the top and bottom layers of steel, and the voltage readings were 
measured across the resistors with a high impedance voltmeter. Then, using Ohm’s Law, 
the macro-cell current was calculated (the voltage was divided by the resistance values of 
the resistor to obtain current). Measurement of macro-cell corrosion current is shown in 
Figure 3.26. 
 
 
Figure ‎3.26: Measurements of Macro-Cell Corrosion Current. 
 
3.5.3 Determination of Chloride Concentration 
For each ASTM G 109 specimen tested, the chloride concentration at the rebar level 
was determined. A 19 mm diameter hole was drilled above the top reinforcing bar to 
obtain at least 3 grams of concrete powder up to a depth of 20 mm from the top surface. 
The loose dust was blown out of the hole just before reaching the 20 mm depth in order 
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100 Ohm resistors 
High impedance voltmeter 
64 
 
to collect the right sample. Then, the dust was collected by drilling vertically between 20 
to 25 mm in a sequential process. Each sample was stored in a plastic bag until all the 
samples were taken. For the determination of free chloride content, 3 grams of concrete 
powder was transferred to a 100-ml beaker and 50 ml of hot distilled water was added. 
The sample was heated gently and thoroughly mixed by a stirrer. The solution was 
allowed to settle for 24 hours and filtered using No. 1 filter paper. After that, the filtered 
solution was poured into 100 ml flask then, distilled water was added to make the 
solution 100 ml (standardization of volume) [66,67]. A 0.1 ml of solution was mixed with 
2 ml of ferric ammonium sulfate plus 2 ml of mercuric thiocyanate. Finally, the above 
solution was pleased in the compartment of Spectronic 21 (spectrophotometer machine) 
[67, 73]. This machine is equipped with a screen display that can be programmed to 
display the chloride absorption value automatically when appropriate inputs are fed. 
Figure 3.27 shows the spectrophotometer machine used in the investigation. 
 
  
Figure ‎3.27: Spectronic 21 Machine 
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CHAPTER 4  
 
RESULTS AND DISCUSSION 
This chapter presents the results of the tests conducted on the selected inhibitors and 
their possible interpretation. Broadly speaking, the data developed fall in the following 
categories. 
1. Combined effect of sulfate and/or chloride and temperature on the mechanism of 
corrosion in the presence or absence of the selected corrosion inhibitors using PDP 
test. 
2. Effect of the selected inhibitors on reinforcement corrosion of both sound and 
cracked concrete specimens using ASTM G 109.  
 
4.1 Performance of Steel Specimens in SCPS without Corrosion Inhibitor 
Potentio-dynamic polarization (PDP) technique is considered as a reliable method to 
evaluate the mechanism of corrosion. The PDP curves can be utilized to determine the 
nature and extent of corrosion. The effect of chloride and/or sulfate and temperature on 
the mechanism of corrosion of mild steel placed in simulated concrete pore solution 
(SCPS) without inhibitor is described in the following sub-sections.  
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4.1.1 Effect of Chloride and Temperature on Corrosion Mechanism 
The PDP curves for mild steel specimens placed in SCPS without any inhibitor are 
depicted in Figures 4.1 through 4.3. These curves are for the specimens immersed in 
SCPS contaminated with 1000, 1500 and 2000 ppm of chloride, respectively, and 
temperatures of 25, 40 and 55 ºC. 
 The PDP curves for steel specimens exposed to chloride concentration of 1000 at 25, 40 
and 55 ºC exhibits general corrosion (Figure 4.1). The current required for transition 
from anodic to cathodic polarization varies from 0.09 to 0.0819 µA with increase the 
temperature. The polarizing potentials were around -377, -377 and -346 mV, 
respectively. 
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Figure 4.1: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS with 1000 ppm 
of Cl Concentration without Corrosion Inhibitor 
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As expected, the rate of corrosion increased with an increase in the temperature. 
There was almost a uniform increase in the corrosion activity with an increase in the 
temperature.  
Figure 4.2 shows the PDP curves for steel specimens exposed to chloride concentration 
of 1500 ppm at different temperatures (25, 40 and 55 °C) also exhibits general corrosion. 
The polarizing potentials in these groups of specimens were around -404, -384 and -432 
mV, respectively and the polarization curve is also similar as in the other group of 
specimens (1000 ppm Clˉ). 
The PDP drifts towards the anodic region with increasing the temperature of the pore 
solution. While there was no significant difference in the anodic behavior of solution 
exposed to 25 or 40 ºC the PDP for 55 ºC tends to be more than the other two curves. 
Figure 4.3 shows the PDPs for steel specimens placed in SCPS with 2000 ppm chloride. 
General corrosion was noted in both the specimens exposed to temperature of 25 or 40 ºC 
and the polarizing potential is around -405 and -439 mV, respectively. However, when 
temperature was increased to 55 ºC, there was pitting corrosion and the pitting potential is 
around 160 mV. The transition curve slightly decreased with increasing the temperature. 
This is the result of conjoint effect of temperature and increased chloride concentration. 
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Figure 4.2: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS with 1500 ppm 
of Cl Concentration without Corrosion Inhibitor 
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Figure 4.1 through 4.3 were utilized to determine the corrosion polarization 
parameters for the specimens exposed SCPS without inhibitor. These data are 
summarized in Table 4.1. The data in this table revealed that an increase in temperature 
increased the corrosion current density (Icorr). This can be explained by the fact that an 
increase in temperature usually accelerates the corrosive processes [70]. This leads to 
higher dissolution rates of the metal. While there was slight increase in Icorr when the 
temperature was increased from 25 to 40 ºC, the increase in Icorr was significant around 
three to five times when the temperature was increased from 40 to 55 ºC.  
 Figure 4.4 summarizes the combined effect of temperature and chloride 
concentration on the Icorr. It is evident that a temperature of 55 ºC has significant effect 
(around six times) on Icorr compared to 25 and 40 ºC. 
Table ‎4.1: Potentio-Dynamic Polarization Results for Steel Specimens Immersed in 
SCPS without Corrosion Inhibitor 
Temperature 
(ºC) 
Chloride 
Concentration 
(ppm) 
Ecorr  
(mV) 
Rp 
Ohm.cm
2
 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
25  
1000 -377.17 27937.10 0.9336 0.0108 
1500 -404.83 23913.34 1.0904 0.0126 
2000 -405.36 19704.16 1.3233 0.0153 
40 
1000 -377.12 23843.26 1.0938 0.0127 
1500 -384.3 18596.02 1.4027 0.0163 
2000 -439.89 10517.26 2.4801 0.0287 
55  
1000 -346.03 3801.99 6.8562 0.0795 
1500 -432.79 3472.76 7.49 0.0871 
2000 -460.38 3392.46 7.6849 0.0891 
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Figure ‎4.4: Effect of Chloride and Temperature on Corrosion Current Density 
 
4.1.2  Effect of Sulfate and/or Chloride and Temperature on Corrosion Mechanism  
Figure 4.5 shows a PDP for control specimens immersed in SCPS contaminated with 
1000 ppm Cl and various sulfate concentrations (0, 500 and 2000) ppm at 40 ºC. The 
polarization potentials were around -377, -418 and -496 mV, respectively in all solutions. 
However, the PDP for steel in 2000 ppm sulfate is more anodic than the one immersed in 
500 ppm sulfate. This indicates that sulfate has an effect to similar to that of temperature. 
The polarization data are summarized in table 4.2 which shows the increase in Icorr from 
1.094 to 1.548 μA/cm2 for the increase in SO4 from 0 to 2000 ppm. The increase in Icorr 
due to incorporation of SO4 is depicted in Figure 4.6. 
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Chloride + Sulfate 
Concentration (ppm) 
Ecorr  
(mV)     
Rp  
(Ohm.cm
2
) 
  Icorr      
(μA/cm2) 
Corrosion rate 
(mm/year) 
1000 + 0 -377.12 23843.26 1.0938 0.0127 
1000 + 500 -418 23066.54 1.1308 0.0131 
1000 +2000 -496 16851.32 1.5481 0.0179 
Table 4.2: Potentio-Dynamic Polarization Results of Steel Specimens Immersed in SCPS 
without Corrosion Inhibitor (Control) at 40 ºC 
Figure 4.5: Potentio-Dynaimic Polarization Curves for Control Specimens at 1000 ppm Cl plus 
(0, 500 and 2000) ppm SO4  
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Figure  4.6: Combined Effect of Chloride, Sulfate and Temperature on Corrosion Current 
Density (40 °C) 
 
4.1.3 Scanning Electron Microscopy of Steel Specimens Immersed in SCPS without 
Inhibitor 
The scanning electron micrographs of the polished surface of mild steel specimens 
exposed to SCPS contaminated with sulfate and/or chloride ions (no inhibitor) are shown 
in Figures 4.7 through 4.9. There was general corrosion in all the specimens. The steel 
surface was rough and covered with corrosion products. However, shallow pits were 
noted on the specimens immersed in SCPS contaminated with 1,500 ppm chloride and 
exposed to 25 ºC (Figure 4.7).  
Figure 4.8 shows the SEM of the mild steel specimen immersed in SCPS without 
corrosion inhibitor and contaminated with 1,500 ppm Cl and exposed to temperature of 
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55 ºC. General corrosion was noted in this specimen as well. However, there was severe 
damage of the surface.  
Figure 4.9 is the SEM micrograph of specimen immersed in SCPS without corrosion 
inhibitor and contaminated with 1000 ppm Cl and 2000 ppm sulfate and exposure 
temperature of 40 ºC. There was general corrosion on the specimen with is noted spots on 
the surface. These spots might be the sulfate deposits. 
 
 
 
 
 
Figure 4.7: Close up Picture of SEM (180X) for Control Specimen in SCPS Contaminated 
with 1500 ppm Cl at 25 ºC 
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Figure 4.9: SEM (180X) for Control Specimen in SCPS Contaminated with 1000 ppm Cl + 
2000 ppm Sulfate  at 40 ºC. 
Figure 4.8: Close up Picture of SEM (90X) for Control Specimen in SCPS Contaminated 
with 1500 ppm Cl at 55 ºC 
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4.2 Performance of Steel Specimens in Presence of Inhibitor I 
The effect of Inhibitor I on the corrosion behavior of steel immersed in SCPS for 
various sulfate and/or chloride concentrations and temperatures was evaluated using PDP 
technique. The results of these techniques are summarized in the following sub-sections. 
4.2.1 Effect of Chloride and Temperature on Corrosion Mechanism 
The PDP curves for mild steel specimens placed in SCPS incorporating Inhibitor I as 
a corrosion inhibitor are displayed in Figures 4.10 through 4.12. These curves are for 
specimens immersed in SCPS incorporating Inhibitor I and contaminated with 1000, 
1500 and 2000 ppm chloride and at temperatures of 25, 40 and 55 ºC. 
The PDP curves for steel specimens exposed to chloride concentration of 1000 ppm 
exhibits general corrosion for all exposure temperatures (Figure 4.10). The current 
required for transition from cathodic to anodic polarization decreases from 0.045 to 
0.0423 μA/cm2 with increasing temperature from 25 to 55 °C. The polarization potentials 
were around -335, -366 and -460 mV, respectively. As expected, the rate of corrosion 
increased with an increase in the temperature. Although there was a slight increase in the 
corrosion current density from 0.132 to 0.135 μA/cm2 when the temperature was 
increased from 25 to 40 ºC. However, the increase in Icorr when the temperature was 
increased to 55 ºC was significant (0.45 μA/cm2). 
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Figure 4.11 shows the PDP curves for steel specimens immersed in SCPS 
incorporating Inhibitor I and exposed to chloride concentration of 1500 ppm at different 
temperatures. The data in this figure indicate that the steel specimens exhibit general 
corrosion for all exposure temperatures (25, 40 and 55 °C). The polarizing potentials in 
these groups of specimens were around -426, -433 and -446 mV, respectively and the 
polarization curve is also similar to those in the other group of specimens (1000 ppm 
Clˉ). 
The PDP drifts towards anodic region with increasing the temperature of the pore 
solution. While there was no significance difference in the anodic behavior of solution 
exposed to 25 or 40 ºC, the PDP for 55 ºC tends to be more than the other two curves 
(exposed to 25 and 40 °C, respectively). Figure 4.12 shows the PDPs for steel specimens 
placed in SCPS contaminated with 2000 ppm chloride. General corrosion was noted in all 
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Figure 4.10: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor I and 1000 ppm Cl Concentration. 
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the specimens. However, the transition line decreases from 0.09 to 0.0819 μA/cm2 with 
increasing the temperature from 25 to 55 °C. This is the result of conjoint effect of 
temperature and increased chloride concentration. 
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Figure 4.11: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor I and 1500 ppm Cl Concentration. 
 
Figure 4.12: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor I and 2000 ppm Cl Concentration. 
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Figure 4.10 through 4.12 were utilized to determine the corrosion polarization 
parameters for the specimens exposed SCPS incorporating Inhibitor I. These data are 
summarized in Table 4.3. The data in this table also revealed that an increase in 
temperature and chloride concentration tends to increase the corrosion current density. 
The effect of chloride content and temperature on Icorr determined by PDP technique is 
plotted in Figure 4.13. The increase in Icorr with chloride concentration and temperature is 
visible in these data. 
 
Table ‎4.3: Potentio-Dynamic Polarization Results for Steel Specimens Immersed in 
SCPS Incorporating Inhibitor I. 
 
Temperature 
(ºC) 
Chloride 
Concentration 
(ppm) 
Ecorr  
(mV) 
Rp 
(Ohm.cm
2
) 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
Inhibitor 
Efficiency 
in 
Reducing 
Icorr % 
25 
1000 -335.4 197625.60 0.1320 0.0015 85.86 
1500 -425.98 164994.60 0.1581 0.0018 85.50 
2000 -366.75 105633.92 0.2470 0.0029 81.34 
40 
1000 -366.69 193552.20 0.1348 0.0016 87.68 
1500 -432.96 130272.88 0.2002 0.0023 85.72 
2000 -429.53 56386.66 0.4626 0.0054 81.35 
55 
1000 -460.64 57969.30 0.4500 0.0052 93.44 
1500 -446.75 52247.56 0.4993 0.0058 93.35 
2000 -464.03 19728.98 1.3219 0.0153 82.81 
 
79 
 
 
Figure ‎4.13: Effect of Chloride Concentration on Corrosion Current Density in the 
Presence for Various Temperatures. 
 
4.2.2 Effect of Sulfate and/or Chloride and Temperature on Corrosion Mechanism 
Figure 4.14 displays PDP plot for steel exposed to SCPS incorporating Inhibitor I and 
contaminated with 1000 ppm Cl and 0 or 500 or 2000 ppm SO4 at a temperature of 40 ºC. 
The PDP curves indicate general corrosion in all the specimens. The polarization 
potentials for 0, 500 and 2000 ppm SO4 are around -366, -436 and -554 mV, respectively. 
This increase in corrosion potential in the negative direction indicates an increase in the 
corrosion process. Further, the current required for transition from cathodic to anodic 
region was smaller (0.0933 µA/cm2) in the specimens exposed to 2000 ppm SO4 than that 
exposed to 500 ppm SO4 (0.0937 µA/cm
2
).  
The combined effect of sulfate and/or chloride on corrosion of steel specimens 
immersed in SCPS incorporating Inhibitor I and contaminated with 1000 ppm Cl and 
various sulfate concentrations (500 and 2000) ppm at 40 ºC is summarized in the Table 
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4.4. The data showed significant increase in the corrosion current density from 0.135 to 
0.309 µA/cm2 with the increase in sulfate concentration from 0 to 2000 ppm. The 
increase in Icorr due to incorporation of SO4 is depicted in Figure 4.15. 
 
 
  
Figure ‎4.14: Potentio-Dynaimic Polarization Curves for Specimens Immersed in SCPS 
Incorporating Inhibitor I and 1000ppm Cl plus (0, 500 and 2000) ppm SO4 
 
 
 Table  ‎4.4: Potentio-Dynamic Polarization Results of Steel Specimens Immersed in 
SCPS Incorporating Inhibitor I at 40 ºC. 
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2
) 
Icorr      
(μA/cm2) 
Corrosion 
rate 
(mm/year) 
Inhibitor 
Efficiency in 
Reducing  Icorr % 
1000 + 0 -366.69 193537.60 0.1347 0.0016 87.68 
1000 + 500 -436.38 154395.00 0.1689 0.0020 85.06 
1000 + 2000 -554.59 84300.40 0.3095 0.0036 80.01 
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Figure  4.15: Combined Effect of Chloride, Sulfate and Temperature on Corrosion 
Current Density (40 °C). 
 
4.2.3 Scanning Electron Microscopy of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor I 
The scanning electron micrographs of the mild steel specimens exposed to SCPS 
incorporating Inhibitor I and contaminated with sulfate and/or chloride ions are shown in 
Figures 4.16 through 4.18. There was general corrosion in all the specimens. The SEM in 
Figure 4.16 (Cl: 1,500; temperature: 25 ºC) exhibits general corrosion and a good 
protective adsorbed film is formed on the surface of the specimen, which decreases the 
corrosion current density and corrosion rate of steel in alkaline environment. The 
micrograph also shows that the steel surface is better in the presence of Inhibitor I 
compared to the surface of control specimen (Figure 4.7) which was rough and covered 
with the corrosion products. 
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Figure 4.17 shows the SEM of the polished surface of mild steel specimen immersed 
in SCPS incorporating Inhibitor I and contaminated with 1500 ppm Cl and exposed to a 
temperature of 55 ºC. General corrosion was noted in this specimen also. However, there 
were corrosion products on the surface of steel specimen. This might be due to the effect 
of chloride and elevated exposure temperature. 
Figure 4.18 is the SEM of steel immersed in SCPS incorporating Inhibitor I and 
contaminated with 1000 ppm Cl and 2000 ppm sulfate and exposure temperature of 40 
ºC. General corrosion and a good protective adsorbed film is noted on the surface of the 
specimen. The SEM in Figures 4.16 through 4.18 indicate that Inhibitor I can minimize 
corrosion of steel bars. 
 
 
 
 
 
 
Figure 4.16: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor I and 
Contaminated with 1500 ppm Cl at 25 ºC 
General corrosion 
Passive layer on the surface 
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Figure 4.17: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor I and 
Contaminated with 1500 ppm Cl at 55 ºC 
Figure 4.18: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor I and 
Contaminated with 1000 ppm Cl + 2000 ppm Sulfate  at 40 ºC 
Passive layer on the surface 
General corrosion 
Corrosion products 
Passive layer on the surface 
General corrosion 
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4.3 Performance of Steel Specimens in the Presence of Inhibitor II 
In order to evaluate the protective effect of Inhibitor II inhibitor on corrosion 
mechanism and rate, PDP test was performed on steel specimens immersed in SCPS 
contaminated with various sulfate and/or chloride concentrations at different exposure 
temperatures. The results of these tests are described in the following sub-sections. 
4.3.1 Effect of Chloride and Temperature on Corrosion Mechanism 
The PDP curves for mild steel specimens placed in SCPS incorporating Inhibitor II 
inhibitor are displayed in Figures 4.19 through 4.21. These curves are for the specimens 
immersed in SCPS incorporating Inhibitor II and contaminated with 1000, 1500 and 2000 
ppm chloride, respectively and at temperatures of 25, 40 and 55 ºC. 
The PDP curves for steel specimens exposed to chloride concentration of 1000 
exhibits general corrosion for all the exposure temperatures (Figure 4.19). The current 
required for transition from cathodic to anodic region varies with the temperature from 
0.0648 to 0.0621 μA/cm2. The polarizing potential is around -400 mV in all the 
specimens. As expected, the rate of corrosion increased with an increase in the 
temperature. Although there was a slight increase in the corrosion current density when 
temperatures were 25 and 40 ºC for 1000 ppm chloride concentration (0.146 to 0.168) 
μA/cm2, the increase was significant when temperature was increased to 55 ºC (0.549 
μA/cm2). 
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Figure 4.20 shows the PDP curves for steel specimens immersed in SCPS 
incorporating Inhibitor II and exposed to chloride concentration of 1500 ppm at different 
temperatures (25, 40 and 55 °C). The data therein exhibit general corrosion. The 
polarizing potential in these groups of specimens is also around -430 mV for the exposure 
temperatures of 25 and 40 ºC and decreased to around -502 mV when the exposure 
temperature was increased to 55 ºC and the polarization curve is also similar as in the 
other group of specimens (1000 ppm Clˉ). While there was no significance difference in 
the anodic behavior of solution exposed to 25 or 40 ºC, the PDP for 55 ºC tends to be 
more than that for the temperatures at high potential.  
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Figure 4.19:  Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated        
Inhibitor II and 1000 ppm of Cl. 
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Figure 4.21 shows the PDPs for steel specimens placed in SCPS contaminated with 
2000 ppm chloride. General corrosion was noted in all the specimens. The polarizing 
potential is around -485 mV for the exposure temperature of 25 ºC and decreased to 
around -579 mV when the exposure temperature was increased to 55 ºC, which indicates 
an increase in the corrosion process. There was almost a uniform increase in the 
corrosion activity with an increase in the temperature. The required current for transition 
from cathodic to anodic varies from 0.09675 to 0.08775 µA/cm2 with increasing the 
temperature from 25 to 55 ºC. This is the result of conjoint effect of temperature and 
increased chloride concentration. 
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Figure 4.20: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor II and 1500 ppm of Cl 
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The data in Figure 4.19 through 4.21 were utilized to determine the corrosion 
polarization parameters for the specimens exposed SCPS incorporating Inhibitor II. 
These data are summarized in Table 4.5. The data in Table 4.5 revealed that an increase 
in temperature and chloride concentration increases the corrosion current density. The 
effect of chloride content and temperature on Icorr determined by PDP technique is plotted 
in Figure 4.22. The increase in Icorr with chloride concentration and temperature is visible 
in these data. 
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Figure 4.21: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor II and 2000 ppm of Cl. 
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Table ‎4.5 : Potentio-Dynamic Polarization Results for Steel Specimens Immersed in 
SCPS Incorporating Inhibitor II 
Temperature 
(ºC) 
Chloride 
Concentration 
(ppm) 
Ecorr  
(mV) 
Rp 
(Ohm.cm
2
) 
Icorr   
(μA/cm2) 
Corrosion 
Rate 
(mm/year) 
Inhibitor 
Efficiency 
in 
Reducing 
Icorr % 
25 
1000 -412.05 179069.00 0.1457 0.0017 84.40 
1500 -432.3 108199.14 0.2411 0.0028 77.89 
2000 -485.13 84998.28 0.3069 0.0036 76.82 
40  
1000 -419.12 155314.80 0.1680 0.0019 84.65 
1500 -429.61 86118.10 0.3029 0.0035 78.40 
2000 -537.27 47261.66 0.5520 0.0064 77.75 
55 
1000 -373.8 47495.26 0.5492 0.0064 91.99 
1500 -502.7 40392.36 0.6458 0.0075 91.41 
2000 -579.4 25352.90 1.0289 0.0119 86.62 
 
 
Figure ‎4.22: Effect of Chloride Concentration on Corrosion Current Density in Presence 
of Inhibitor II for Various Temperatures 
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4.3.2 Effect of Sulfate and/or Chloride and Temperature on Corrosion Mechanism 
The concomitant effect of chloride and sulfate concentrations and temperature on 
corrosion mechanism of steel immersed in SCPS incorporating Inhibitor II and 
contaminated with chloride and/or sulfate was investigated. Figure 4.23 displays PDP 
plot for steel exposed to SCPS incorporating Inhibitor II and contaminated with 1000 
ppm Cl plus 0, 500 and 2000 ppm SO4 and 40 ºC. The PDP curves indicate general 
corrosion in both the specimens. The polarization potentials were -474.62 and -554.64 
mV for the 500 and 2000 ppm SO4, respectively. Further, current required for transition 
from cathodic to anodic region was smaller in the specimens exposed to 2000 ppm SO4 
than that exposed to 500 ppm SO4 0.0612 and 0.0693, respectively µA/cm
2
. The 
combined effect of sulfate and/or chloride on corrosion of steel specimens immersed in 
SCPS incorporating Inhibitor II and contaminated with 1000 ppm Cl and various sulfate 
concentrations 0, 500 or 2000 ppm at 40 ºC is summarized in the Table 4.6. The data 
showed significant increase in the corrosion current density with the increase in sulfate 
concentration from 500 to 2000 ppm. The increase in Icorr due to incorporation of SO4 is 
depicted in Figure 4.24. 
 
Chloride + Sulfate 
Concentration 
(ppm) 
Ecorr 
(mV)     
Rp 
(Ohm.cm
2
) 
  Icorr      
(μA/cm2) 
Corrosion 
rate 
(mm/year) 
Inhibitor 
Efficiency in 
Reducing 
Icorr% 
1000 + 0 -419.12 155314.80 0.1680 0.0019 84.64 
1000 + 500 -474.62 83328.04 0.3130 0.0036 72.32 
1000 + 2000 -554.64 59940.30 0.4352 0.0050 71.88 
Table 4.6 : Potentio-Dynamic Polarization Results of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor II at 40 ºC. 
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Figure  4.24: Combined Effect of Chloride, Sulfate and Temperature on Corrosion 
Current Density (40 °C). 
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Figure 4.23: Potentio-Dynaimic Polarization Curves for Specimens Immersed in SCPS 
Incorporating Inhibitor II and 1000 ppm Cl plus (0, 500 and 2000) ppm SO4 
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4.3.3 Scanning Electron Microscopy of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor II 
The scanning electron micrographs of the mild steel specimen exposed to SCPS 
incorporating Inhibitor II and contaminated with sulfate and/or chloride ions are shown in 
Figures 4.25 through 4.27. There was general corrosion in all the specimens due to the 
presence of Inhibitor II in the SCPS. The SEM in Figure 4.25 (Cl: 1,500; temperature: 25 
ºC) exhibits general corrosion. Comparison of the SEM micrograms for the control 
specimen and the specimen immersed in SCPS incorporating Inhibitor II, there was a 
rough surface on mild steel in the control specimen. In addition, the specimen surface 
was strongly damaged. However, the specimen immersed in SCPS incorporating 
Inhibitor II revealed that a good protective adsorbed film has been formed on the surface 
of the specimens, which confirms the fact that the inhibited corrosion on the surface of 
mild steel in SCPS adsorption of the used corrosion inhibitor. 
 
 
Figure 4.25: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor II and 
Contaminated with 1500 ppm Cl at 25 ºC 
General corrosion 
Passive layer on the surface 
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Figure 4.26 shows the SEM of the polished surface of mild steel specimen immersed 
in SCPS incorporating Inhibitor II and contaminated with 1500 ppm Cl and exposed to a 
temperature of 55 ºC. General corrosion was also noted in this specimen. However, there 
were corrosion products on the surface of steel specimen. This might be due to the effect 
of chloride and elevated exposure temperature. 
Figure 4.27 is the SEM of steel immersed in SCPS incorporating Inhibitor II and 
contaminated with 1000 ppm Cl and 2000 ppm sulfate and exposure temperature of 40 
ºC. As the other groups of specimens, general corrosion and a good protective adsorbed 
film is noted on the surface of the specimen.  
 
 
 
 
 
 
Figure 4.26: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor II and 
Contaminated with 1500 ppm Cl at 55 ºC 
General corrosion 
Passive layer on the surface 
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4.4 Performance of Steel Specimens in Presence of Inhibitor III 
Performance evaluation of Inhibitor III as a corrosion inhibitor on the corrosion 
behavior of steel specimens immersed in SCPS and exposed to various sulfate and/or 
chloride concentrations and temperatures was evaluated using PDP technique. The results 
of these tests are summarized and discussed in the following sub-sections. 
4.4.1 Effect of Chloride and Temperature on Corrosion Mechanism 
  The PDP curves for mild steel specimens placed in SCPS incorporating Inhibitor III 
as a corrosion inhibitor are displayed in Figures 4.28 through 4.30. These curves are for 
Figure 4.27: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor II and 
Contaminated with 1000 ppm Cl + 2000 ppm Sulfate  at 40 ºC 
General corrosion 
Passive layer on the surface 
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specimens immersed in SCPS incorporating Inhibitor III and contaminated with 1000, 
1500 and 2000 ppm chloride at temperatures of 25, 40 and 55 ºC. 
The PDP curves for steel specimens exposed to chloride concentration of 1000 
exhibited general corrosion for all exposure temperatures (Figure 4.28). The current 
required for transition from cathodic to anodic region decreased from 0.0108 to 0.0072 
μA/cm2 with increasing the temperature from 25 to 55 °C. The polarization potentials 
were around -270, -360 and -400 mV, respectively. As expected, the rate of corrosion 
increased with the increase in the temperature. Although there was a slightly increase in 
the corrosion current density 0.144 and 0.168 μA/cm2, respectively when the temperature 
was increased from 25 to 40 ºC, the increase in Icorr when the temperature was increased 
to 55 ºC was significant (0.380 μA/cm2). 
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Figure 4.28: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor III and 1000 ppm of Cl 
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Figure 4.29: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor III and 1500 ppm of Cl 
Figure 4.30: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor III and 2000 ppm of Cl 
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Figure 4.29 shows the PDP curves for steel specimens exposed to chloride concentration 
of 1500 ppm at different temperatures and general corrosion could be observed. The 
polarizing potential in this group of specimens varies from -340 to -401 with increased 
exposure temperature from 25 to 55 °C. However, the polarization curve is also similar as 
in the other group of specimens (1000 ppm Clˉ), there is a significant jump in PDP curve 
at exposure temperature of 55 ºC which might be due to the diffusion of the chloride ions 
in the pores of the surface of steel specimens that might have accelerated  the corrosion. 
Figure 4.30 shows the PDP for steel specimens placed in SCPS with 2000 ppm 
chloride. General corrosion was noted in all the specimens and the polarizing potentials 
are around -390 mV for the exposure temperatures of 25 ºC and decreased to around -479 
mV when the exposure temperature was increased to 55 ºC. However, the transition line 
from the anodic to cathodic decreased from 0.0423 to 0.0351 µA with increasing the 
temperature. This is the result of conjoint effect of temperature and increased chloride 
concentration. The PDP drifted towards anodic region with increasing the temperature of 
the pore solution. While there was no significance difference in the anodic behavior of 
solution exposed to 40 or 55 ºC, the PDP for 25 ºC tends to be less than the other two 
curves. The current required for transition from cathodic to anodic polarization decreased 
with increase the temperature. 
Figures 4.28 through 4.30 were utilized to determine the corrosion polarization 
parameters for the specimens exposed SCPS incorporating Inhibitor III. These data are 
summarized in Table 4.7 and revealed that an increase in temperature increases the 
corrosion current density. The effect of chloride content and temperature on Icorr 
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determined by PDP technique is plotted in Figure 4.31. The increase in Icorr with chloride 
concentration and temperature is visible in these data. 
 
Table ‎4.7: Potentio-Dynamic Polarization Results for Steel Specimens Immersed in 
SCPS Incorporating Inhibitor III  
 
 
 
 
 
Figure  4.31: Effect of Chloride Concentration on Corrosion Current Density in the 
Presence of Inhibitor III for Various Temperatures 
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Chloride 
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(ppm) 
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(mV) 
Rp 
(Ohm.cm
2
) 
Icorr   
(μA/cm2) 
Corrosion 
Rate 
(mm/year) 
Inhibitor 
Efficiency 
in 
Reducing 
Icorr % 
25 
1000 -270 180748.00 0.1443 0.0017 84.54 
1500 -340 118792.90 0.2196 0.0025 79.86 
2000 -390 68579.12 0.3804 0.0044 71.26 
40 
1000 -360 155271.00 0.1680 0.0019 84.64 
1500 -401 97430.18 0.2678 0.0031 80.91 
2000 -471 53856.48 0.4844 0.0056 84.30 
55 
1000 -400 68579.12 0.3804 0.0044 94.46 
1500 -450 20847.34 1.2513 0.0145 83.34 
2000 -479 14836.52 1.7583 0.0204 77.13 
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4.4.2 Effect of Sulfate and/or Chloride and Temperature on Corrosion Mechanism   
The concomitant effect of chloride and sulfate and temperature on the corrosion 
mechanism and rate of steel bars immersed in SCPS incorporating Inhibitor III is shown 
in Figure 4.32. This Figure displays PDP plot for steel exposed to SCPS incorporating 
Inhibitor III contaminated with 1000 ppm Cl and 0, 500 and 2000 ppm SO4 at 40 ºC. The 
PDP curves indicate general corrosion in all the specimens. The polarization potential 
varies from -360 to -400 mV with the increase in sulfate concentration from 0 to 2000 
ppm. Further, the current required for transition from cathodic to anodic region varied 
from 0.0788 to 0.0428 μA/cm2 with the increase of SO4 concentrations from 500 to 2000 
ppm.  
The combined effect of sulfate and/or chloride on corrosion of steel specimens 
immersed in SCPS incorporating Inhibitor III and contaminated with 1000 ppm Cl and 
various sulfate concentrations (0, 500 and 2000) ppm at 40 ºC is summarized in the Table 
4.8. The data showed significant increase in the corrosion current density with the 
increase in sulfate concentration from 500 to 2000 ppm. The increase in Icorr due to 
incorporation of SO4 is depicted in Figure 4.33. 
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Chloride + Sulfate 
Concentration (ppm) 
Ecorr  
(mV)     
Rp 
(Ohm.cm
2
) 
  Icorr      
(μA/cm2) 
Corrosion 
Rate 
(mm/year) 
Inhibitor 
Efficiency in 
Reduction of 
Icorr % 
1000 + 0 -360 155271.00 0.1680 0.0019 84.64 
1000 + 500 -360.1 93183.04 0.2800 0.0032 75.24 
1000 + 2000 -400.64 55258.08 0.4721 0.0055 69.50 
Table 4.8: Potentio-Dynamic Polarization Results of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor III at 40 ºC 
Figure 4.32: Potentio-Dynaimic Polarization Curves for Specimens Immersed in SCPS 
Incorporating Inhibitor III and 1000 ppm Cl plus (0, 500 and 2000) ppm SO4  
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Figure ‎4.33: Combined Effect Of Chloride, Sulfate and Temperature on Corrosion 
Current Density (40 °C). 
 
4.4.3 Scanning Electron Microscopy of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor III 
The scanning electron micrographs of the mild steel specimen exposed to SCPS 
incorporating Inhibitor III and contaminated with sulfate and/or chloride ions are shown 
in Figures 4.34 through 4.36. There was general corrosion in all the specimens (Figures 
4.34 through 4.36). The SEM in Figure 4.34 (Cl: 1,500; temperature: 25 ºC) exhibits 
general corrosion and a good protective adsorbed film was formed on the surface of the 
specimen, which decreased the corrosion current density and corrosion rate of steel in the 
alkaline environment. The micrograph also shows that the steel surface was better in the 
presence of Inhibitor III compared to the surface of the control specimen which was 
rough and covered with the corrosion product. 
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Figure 4.35 shows the SEM of the polished surface of mild steel specimen immersed 
in SCPS incorporating Inhibitor III and contaminated with 1500 ppm Cl and exposed to a 
temperature of 55 ºC. General corrosion was noted in this specimen also. However, there 
were many of corrosion products on the surface of steel specimen. This might be due to 
the effect of chloride and elevated exposure temperature. 
Figure 4.36 is a SEM of the steel immersed in SCPS incorporating Inhibitor III and 
contaminated with 1000 ppm Cl and 2000 ppm sulfate at an exposure temperature of 40 
ºC. General corrosion and a good protective adsorbed film were noted on the surface of 
the specimen. The SEM in Figures 4.34 through 4.36 indicate that Inhibitor III can 
minimize corrosion of steel bars. 
 
 
 
 
 
 
Figure 4.34: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor III and 
Contaminated with 1500 ppm Cl at 25 ºC. 
General corrosion 
Passive layer on the surface 
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Figure 4.35: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor III and 
Contaminated with 1500 ppm Cl at 55 ºC. 
Figure 4.36: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor III and 
Contaminated with 1000 ppm Cl + 2000 ppm sulfate  at 40 ºC. 
Passive layer on the surface 
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4.5 Performance of Steel Specimens in Presence of Inhibitor IV 
Corrosion mechanism of steel specimens immersed in alkaline environment 
incorporating Inhibitor IV as a corrosion inhibitor and exposed to various temperatures 
was investigated using PDP technique. The results of these tests are summarized and 
discussed in the following sub-sections. 
4.5.1 Effect of Chloride and Temperature on Corrosion Mechanism 
The PDP curves for mild steel specimens placed in SCPS incorporating Inhibitor IV 
as a corrosion inhibitor are displayed in Figures 4.37 through 4.39. These curves are for 
the specimens immersed in SCPS incorporating Inhibitor IV and contaminated with 1000, 
1500 and 2000 ppm chloride and at temperatures of 25, 40 and 55 ºC. 
The PDP curves for steel specimens exposed to chloride concentration of 1000 
exhibits general corrosion for all the exposure temperatures (Figure 4.37) due to the fact 
that Inhibitor IV is good in minimizing pitting corrosion. The current required for 
transition from cathodic to anodic polarization decreases from 0.0522 to 0.0162 μA/cm2 
with increasing temperature. The polarizing potential is around -380 mV at exposure 
temperatures of 25 and 40 ºC and -500 mV for 55 ºC. As expected, the rate of corrosion 
increased with an increase in the temperature.  
Figure 4.38 shows the PDP curves for steel specimens immersed in SCPS incorporating 
Inhibitor IV and exposed to chloride concentration of 1500 ppm at different temperatures 
and general corrosion could be absolved. The polarizing potential in this group of 
specimens is also around -394 mV for the exposure temperatures of 25 ºC and decreased 
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to around -512 mV when the exposure temperature was increased to 55 ºC the 
polarization curve is also similar as in the previous group of specimens (1000 ppm Clˉ). 
The PDP drifted towards anodic region with increasing the temperature of the pore 
solution. That is due to the fact that increasing the temperature leads to decrease in the 
pore solution resistance, hence increase corrosion process. There was uniform difference 
in the anodic behavior of solution for all exposed temperatures. Figure 4.39 shows the 
PDPs for steel specimens placed in SCPS contaminated with 2000 ppm chloride. General 
corrosion was noted in all the specimens and the polarizing potential is around – 450 mV. 
However, the transition curve decreases from 0.0977 to 0.0932 µA with increasing the 
temperature. This is the result of conjoint effect of temperature and increased chloride 
concentration. 
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Figure 4.37: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor IV and 1000 ppm of Cl. 
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Figure 4.38: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor IV and 1500 ppm of Cl. 
Figure 4.39: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated     
Inhibitor IV and 2000 ppm of Cl. 
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The data in Figures 4.37 through 4.39 were utilized to determine the corrosion 
polarization parameters for specimens exposed SCPS incorporating Inhibitor IV. These 
data were summarized in Table 4.9. The data in this table also revealed that an increase in 
temperature and chloride concentration increased the corrosion current density. The 
effect of chloride content and temperature on Icorr determined by PDP technique is plotted 
in Figure 4.40. The increase in Icorr with chloride concentration and temperature is visible 
in these data. 
 
Table ‎4.9: Potentio-Dynamic Polarization Results for Steel Specimens Immersed in 
SCPS Incorporating Inhibitor IV.  
 
Temperature 
(ºC) 
Chloride 
Concentration 
(ppm) 
Ecorr  
(mV) 
Rp 
(Ohm.cm
2
) 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
Inhibitor 
Efficiency 
in 
Reducing 
Icorr % 
25 
1000 -394.42 188004.20 0.1387 0.0016 85.14 
1500 -394.52 116957.68 0.2230 0.0026 79.54 
2000 -446.82 89585.60 0.2912 0.0034 78.00 
40 
1000 -376.46 106247.12 0.2455 0.0028 77.55 
1500 -450.27 81865.12 0.3187 0.0037 77.28 
2000 -446.88 29305.12 0.8902 0.0103 64.11 
55 
1000 -523.22  14490.79 1.8002 0.0209 73.76 
1500 -512.87  12511.32 2.0849 0.0242 72.24 
2000 -457.26  6226.32 4.1897 0.0486 45.50 
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Figure ‎4.40 : Effect of Chloride Concentration on Corrosion Current Density for Various 
Temperatures 
 
4.5.2 Effect of Sulfate and/or Chloride and Temperature on Corrosion Mechanism   
In order to simulate most of the aggressive factors of alkaline environment, the 
concomitant effect of different chloride and sulfate concentrations and temperature on the 
performance of Inhibitor IV was performed using PDP test. Figure 4.41 displays PDP 
plot for steel exposed to SCPS incorporating Inhibitor IV and contaminated with 1000 
ppm Cl and 0, 500 and 2000 ppm SO4 at a temperature of 40 ºC. The PDP curves indicate 
general corrosion in all the three specimens. Further, the current required for transition 
from cathodic to anodic region slightly varies from a round zero to 0.055 µA with 
increase the sulfate concentration from 500 to 2000 ppm.  
The combined effect of sulfate and/or chloride on corrosion of steel specimens 
immersed in SCPS incorporating Inhibitor IV and contaminated with 1000 ppm Cl and 
0
1
2
3
4
5
20 25 30 35 40 45 50 55 60
I c
o
rr
 (
μ
A
/
cm
2
) 
Temperature (°C ) 
Inhibitor IV 
1000 ppm
1500 ppm
2000 ppm
108 
 
various sulfate concentrations 500 or 2000 ppm at 40 ºC is summarized in the Table 4.10. 
The data showed significant increase in corrosion current density from 0.246 to 1.118 
μA/cm2 with the increase in sulfate concentration from 0 to 2000 ppm. The increase in 
Icorr due to incorporation of SO4 is depicted in Figure 4.42. 
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(mV)     
Rp 
(Ohm.cm
2
) 
Icorr      
(μA/cm2) 
Corrosion 
rate 
(mm/year) 
Inhibitor 
Efficiency in 
Reducing Icorr 
% 
1000 + 0 -376.46 106247.12 0.246 0.0029 77.55 
1000 + 500 -482.8 36873.76 0.707 0.0082 37.49 
1000 + 2000 -523.22 23335.18 1.118 0.0130 27.79 
Table 4.10: Potentio-Dynamic Polarization Results of Steel Specimens Immersed in 
SCPS Incorporating Inhibitor IV at 40 ºC 
Figure 4.41: Potentio-Dynaimic Polarization Curves for Specimens Immersed in SCPS 
Incorporating Inhibitor IV and 1000ppm Cl plus (0, 500 and 2000) ppm SO4  
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Figure ‎4.42: Combined Effect of Chloride, Sulfate and Temperature on Corrosion 
Current Density (40 °C) 
 
4.5.3 Scanning Electron Microscopy of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor IV 
The scanning electron micrographs of the mild steel specimen exposed to SCPS 
incorporating Inhibitor IV and contaminated with sulfate and/or chloride ions are shown 
in Figures 4.43 through 4.45. There was general corrosion in all the specimens. The SEM 
in Figure 4.43 (Cl: 1,500; temperature: 25 ºC) exhibits general corrosion and a good 
protective adsorbed film was formed on the surface of the specimen, which decreased the 
corrosion current density and corrosion rate of steel in the alkaline environment. The 
micrograph also shows that the steel surface was better in the presence of Inhibitor IV 
compared to the surface of the control specimen (Figure 4.7) which was rough and 
covered with the corrosion product. 
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Figure 4.44 shows the SEM of the surface of mild steel specimen immersed in SCPS 
incorporating Inhibitor IV and contaminated with 1500 ppm Cl and at a temperature of 55 
ºC. General corrosion was noted in this specimen also. However, there was slight damage 
on steel specimen surface. This might be due to the effect of chloride and elevated 
exposure temperature. 
Figure 4.45 is a SEM micrograph of the steel immersed in SCPS incorporating 
Inhibitor IV and contaminated with 1000 ppm Cl and 2000 ppm sulfate at an exposure 
temperature of 40 ºC. General corrosion and a good protective adsorbed film is noted on 
the surface of the specimen. The SEM in Figures 4.43 through 4.45 indicates that 
Inhibitor IV can minimize corrosion of steel bars. 
 
 
 
 
 
 
Figure 4.43: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor IV and 
Contaminated with 1500 ppm Cl at 25 ºC. 
General corrosion 
Passive layer on the surface 
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Figure 4.44: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor IV and 
Contaminated with 1500 ppm Cl at 55 ºC. 
Figure 4.45: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor IV and 
Contaminated with 1000 ppm Cl + 2000 ppm Sulfate  at 40 ºC 
General corrosion 
Passive layer on the surface 
General corrosion 
Passive layer on the surface 
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4.6 Performance of Steel Specimens in Presence of Inhibitor V 
Although many studied carried out on the performance of Inhibitor V as a corrosion 
inhibitor in reducing the general corrosion at 25 ºC, no previous studies were conducted 
on the performance of Inhibitor V at high temperature. Hence, the performance of 
Inhibitor V for different alkaline environments and temperature was evaluated. The 
results of these tests are summarized and discussed in the following sub-sections. 
4.6.1 Effect of Chloride and Temperature on Corrosion Mechanism  
The PDP curves for mild steel specimens placed in SCPS incorporating Inhibitor V 
are depicted in Figures 4.46 through 4.48. These curves are for the specimens immersed 
in SCPS contaminated with 1000, 1500 and 2000 ppm chloride and temperatures of 25, 
40 and 5 5ºC. 
 The PDP curves for steel specimens exposed to chloride concentration of 1000 at 25, 
40 and 55º C exhibits general corrosion (Figure 4.46). The current required for transition 
from cathodic to anodic polarization did not vary with the temperature about 0.0518 µA. 
As expected, the rate of corrosion increased with an increase in the temperature.  
Figure 4.47 shows the PDP curves for steel specimens exposed to chloride 
concentration of 1500 ppm at different temperatures. The data therein exhibit general 
corrosion. The polarizing potential in this group of specimen is also around -420 mV and 
the polarization curve is also similar as in the other group of specimens (1000 ppm Clˉ). 
The PDP drifted towards anodic region with increasing the temperature of the pore 
solution. While there was no significant difference in the anodic behavior of steel 
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specimen exposed to 25 or 40º C, the PDP for 55 ºC tends to be more than the other two 
curves. Figure 4.48 shows the PDPs for steel specimens placed in SCPS with 2000 ppm 
chloride. General corrosion was noted in all the specimens and the polarizing potential is 
around -328 mV for the exposure temperatures of 25 ºC and decreased to around -433 
mV when the exposure temperature was increased to 55 ºC. However, the transition 
curve varies from a round 0.0344 to 0.0254 µA with increasing the temperature from 25 
to 55 °C. This is the result of conjoint effect of temperature and increased chloride 
concentration. 
 
Figure ‎4.46:  Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor V and 1000 ppm of Cl 
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Figure ‎4.47: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor V and 1500 ppm of Cl 
 
 
 
Figure ‎4.48: Potentio-Dynamic Polarization Curves for Mild Steel in SCPS Incorporated 
Inhibitor V and 2000 ppm of Cl 
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Figure 4.47 through 4.49 were utilized to determine the corrosion polarization 
parameters for specimens exposed SCPS incorporating Inhibitor V. These data are 
summarized in Table 4.11 and revealed that an increase in temperature increases the 
corrosion current density. This can be explained by the fact that an increase in 
temperature usually accelerates the corrosive processes 
The effect of chloride content and temperature on Icorr determined by PDP technique 
is plotted in Figure 4.49. The increase in Icorr with chloride concentration and temperature 
is visible in these data. 
 
Table ‎4.11: Potentio-Dynamic Polarization Results for Steel Specimens Immersed In 
SCPS Incorporating Inhibitor V 
Temperature 
(ºC) 
Chloride 
Concentration 
(ppm) 
Ecorr  
(mV) 
Rp 
(Ohm.cm
2
) 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
Inhibitor 
Efficiency 
in 
Reducing 
Icorr % 
25  
1000 -467.73 198472.40 0.1314 0.0016 85.92 
1500 -418.98 142452.20 0.1831 0.0021 83.21 
2000 -328.48 113971.98 0.2289 0.0027 82.70 
40 
1000 -404.94 166148.00 0.1570 0.0018 85.65 
1500 -425.9 119439.68 0.2184 0.0025 84.43 
2000 -387.74 47042.66 0.5545 0.0064 77.64 
55 
1000 -387.69 38325.00 0.6807 0.0079 90.07 
1500 -411.92 26480.02 0.9851 0.0114 86.89 
2000 -433 14801.48 1.7623 0.0204 77.08 
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Figure ‎4.49: Effect of Chloride Concentration on Corrosion Current Density for Various 
Temperatures 
4.6.2 Effect of Sulfate and/or Chloride and Temperature on Corrosion Mechanism   
Figure 4.50 is a PDP for steel corrosion immersed in SCPS contaminated with 1000 
Cl and various sulfate concentrations of 0, 500 or 2000 ppm at 40 ºC. The polarization 
potentials for 0, 500 and 2000 ppm SO4 are -404.94, -446.76 and -540.53 mV, 
respectively. The PDP curves for all of the specimens are almost the same. Furthermore, 
corrosion current density and corrosion rate were increased around two times with 
increase sulfate concentration from 0 to 2000 ppm. This indicates that sulfate has effect 
on the mechanism of steel immersed in SCPS incorporating Inhibitor V. The polarization 
data are summarized in Table 4.12 which shows the increase in Icorr from 0.157 to 0.329 
μA/cm2 for increase in SO4 from 0 to 2000 ppm. The increase in Icorr due to incorporation 
of SO4 is depicted in Figure 4.51. 
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Efficiency in 
Reducing Icorr % 
1000 + 0 -404.94 166148.00 0.1570 0.0018 85.65 
1000 + 500 -446.76 118754.94 0.2197 0.0025 80.58 
1000 + 2000 -540.53 79305.74 0.3290 0.0038 78.75 
Figure 4.50: Potentio-Dynaimic Polarization Curves for Specimens Immersed in SCPS 
Incorporating Inhibitor V and 1000 ppm Cl plus (0, 500 and 2000) ppm SO4  
Table 4.12 : Potentio-Dynamic Polarization Results of Steel Specimens Immersed in 
SCPS Incorporating Inhibitor V at 40 ºC. 
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Figure  4.51: Combined Effect of Chloride, Sulfate and Temperature on Corrosion 
Current Density (40 °C) 
4.6.3 Scanning Electron Microscopy of Steel Specimens Immersed in SCPS 
Incorporating Inhibitor V 
The scanning electron micrographs of the mild steel specimen exposed to SCPS 
incorporating Inhibitor V and contaminated with sulfate and/or chloride ions are shown in 
Figures 4.52 through 4.54. There was general corrosion in all the specimens. The SEM in 
Figure 4.52 (Cl: 1,500; temperature: 25 ºC) exhibits general corrosion and a good 
protective adsorbed film was formed on the surface of the specimen, which decreased the 
corrosion current density and corrosion rate of steel in the alkaline environment. The 
micrograph also shows that the steel surface was better in the presence of Inhibitor V 
compared to the surface of control specimen (Figure 4.7) which was rough and covered 
with the corrosion product. Further, there was no corrosion product on the surface of steel 
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specimen comparing to the other groups of steel specimens immersed in SCPS 
incorporation one of the selected corrosion inhibitors. 
Figure 4.53 shows the SEM of the mild steel specimen immersed in SCPS 
incorporating Inhibitor V and contaminated with 1500 ppm Cl and exposed to a 
temperature of 55 ºC. General corrosion was noted in this specimen also. 
Figure 4.54 is a SEM of the steel immersed in SCPS incorporating Inhibitor V and 
contaminated with 1000 ppm Cl and 2000 ppm sulfate at an exposure temperature of 40 
ºC. General corrosion and a good protective adsorbed film were noted on the surface of 
the specimen. The SEM in Figures 4.52 through 4.54 indicates that Inhibitor V can 
minimize corrosion of steel bars. 
 
 
 
 
 
 
Figure 4.52: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor V and 
Contaminated with 1500 ppm Cl at 25 ºC. 
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Figure 4.53: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor V and 
Contaminated with 1500 ppm Cl at 55 ºC. 
Figure 4.54: SEM (180X) for Steel Specimen in SCPS Incorporating Inhibitor V and 
Contaminated with 1000 ppm Cl + 2000 ppm Sulfate  at 40 ºC. 
General corrosion 
Passive layer on the surface 
General corrosion 
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4.7 Comparison of Corrosion Inhibiting Admixtures using PDP Technique 
 
The performance evaluation of the selected corrosion inhibiting admixtures using 
potentio-dynamic polarization technique is compared in Figures 4.55 through Figure 
4.73.  
Figures 4.55 through 4.57 depict the PDP curves for mild steel specimens immersed 
in simulated concrete pore solution contaminated with 1000 ppm chloride and exposure 
to 25, 40 and 55 ºC, respectively. The PDP curves for steel specimens exposed to 
chloride concentration of 1000 at 25, 40 and 55 ºC exhibit general corrosion. The data in 
of polarization curves (Table 4.13) showed a reduction of the corrosion rate and corrosion 
current density due to the addition of corrosion inhibitors as compared with the control. 
The PDP drift was towards cathodic region due to addition of a corrosion inhibitor for the 
SCPS. 
The data in Figures 4.55 through 4.57 are summarized in Table 4.13. An increase in 
temperature and chloride concentration tends to increase the corrosion current density. 
While there was a slight increase in Icorr when the temperature was increased from 25 to 
40 ºC, there was an increase in Icorr of two to seven times when the temperature was 
increased from 40 to 55 ºC depending on the type of corrosion inhibitor (Table 4.13). The 
data in table 4.13 depicted that all inhibitors are effective in reducing Icorr of steel 
specimens with 1000 ppm Cl and exposure temperature of 25°C by six to seven times. 
Further, Inhibitor I, Inhibitor II, Inhibitor III, Inhibitor V were effective in reducing Icorr 
when exposure temperatures to 40 and 55 °C. However, when the exposure temperature 
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was increased from 40 to 55 °C Inhibitor IV was effective in reducing Icorr of steel 
specimens by around three times. 
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Figure  4.55: PDP Curves for Steel in SCPS with 1000 ppm Cl at 25 ºC 
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Figure ‎4.56: PDP Curves for Steel in SCPS with 1000 ppm Cl at 40 ºC 
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Figure ‎4.57: PDP Curves for Steel in SCPS with 1000 ppm Cl at 55 ºC 
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Table ‎4.13: Summary of PDP Results for Steel Specimens Immersed in SCPS 
Contaminated with 1000 ppm Cl Exposed to Various Temperatures 
  
Inhibitor 
 
Temperature 
(ºC) 
Ecorr  
 
(mV) 
Rp  
Ohm.cm
2
 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
None (Control) 
25 -377.17 27937.10 0.9336 0.0108 
40 -377.12 23843.26 1.0938 0.0127 
55 -346.03 3801.99 6.8562 0.0795 
Inhibitor I 
25 -335.40 197625.60 0.1320 0.0015 
40 -366.69 193552.20 0.1348 0.0016 
55 -460.64 57969.30 0.4500 0.0052 
Inhibitor II 
25 -412.05 179069.00 0.1457 0.0017 
40 -419.12 155314.80 0.1680 0.0019 
55 -373.80 47495.26 0.5492 0.0064 
Inhibitor III 
25 -270.00 180748.00 0.1443 0.0017 
40 -360.00 155271.00 0.1680 0.0019 
55 -400.00 68579.12 0.3804 0.0044 
Inhibitor IV 
25 -394.42 188004.20 0.1387 0.0016 
40 -376.46 106247.12 0.2455 0.0028 
55 -523.22  14490.79 1.8002 0.0209 
Inhibitor V 
25 -467.73 198472.40 0.1314 0.0016 
40 -404.94 166148.00 0.1570 0.0018 
55 -387.69 38325.00 0.6807 0.0079 
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Figures 4.58 through 4.60 depict the PDP curves for steel specimens exposed to 
chloride concentration of 1500 ppm and temperature of 25, 40 and 55 ºC. These curves 
also exhibit general corrosion. There is a significant jump in some of the PDP curves at 
the exposure temperature of 55 ºC, which may be due to the acceleration of corrosion 
process at this temperature. The current required for transition from cathodic to anodic 
polarization varied depending on the type of inhibitor. The PDP drift in Figures 4.58 
through 4.60 was towards the cathodic region with the addition of the selected corrosion 
inhibitor to the SCPS which indicates. This indicates that the selected inhibitors are 
effective in reducing anodic dissolution of steel specimens hence reducing corrosion rate 
and corrosion current density (Table 4.14). 
The PDP curves in Figures 4.58 through 4.60 were utilized to determine the corrosion 
polarization parameters for the specimens exposed to SCPS in the presence or absence of 
inhibitor. These data are summarized in Table 4.14. The data in this table also revealed 
that an increase in the temperature and chloride concentration tends to increase the 
corrosion current density. The increase in Icorr when the temperature was increased from 
25 to 40 ºC was relatively marginal. However, the increase in Icorr was significant around 
two to six times when the temperature was increased from 40 to 55 ºC. 
The PDP curves for steel specimens exposed to chloride concentration of 2000 ppm 
and temperature of 25, 40 and 55 ºC (Figures 4.61 through 4.63) also exhibited general 
corrosion. However, the control specimen exposed to a temperature of 55 ºC showed 
pitting corrosion. The pitting potential was noted around 160 mV. Furthermore, the Icorr 
and corrosion rate (Crate) values of 7.685 μA/cm2 and 0.0891 mm/year, respectively, 
were high compared to the tested specimens with inhibitors. After the addition of the 
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corrosion inhibitors to the SCPS, it can be seen that the data of polarization curves in 
Table 4.15 showed reduction in the corrosion rate, corrosion current density and 
minimizing the pitting corrosion. The data in Table 4.15 revealed that an increase in the 
temperature and chloride concentration tends to increase the corrosion current density. 
Whereby the increase in Icorr was around two times when the temperature was increased 
from 25 to 40 °C. However, the increase in Icorr was significant (from two to five times), 
when the temperature was increased from 40 to 55 ºC. 
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Figure ‎4.58: PDP Curves for Steel in SCPS with 1500 ppm Cl at 25 ºC 
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Figure ‎4.59: PDP Curves for Steel in SCPS with 1500 ppm Cl at 40 ºC 
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Figure ‎4.60: PDP Curves for Steel in SCPS with 1500 ppm Cl at 55 ºC 
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Table ‎4.14: Summary of PDP Results for Steel Specimens Immersed in SCPS 
Contaminated with 1500 ppm Cl Exposed to Various Temperatures 
 
 
Inhibitor 
 
Temperature 
(ºC) 
Ecorr  
 
(mV) 
Rp  
Ohm.cm
2
 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
None (Control) 
25 -404.83 23913.34 1.0904 0.0126 
40 -384.30 18596.02 1.4027 0.0163 
55 -432.79 3472.76 7.5119 0.0871 
Inhibitor I 
25 -425.98 164994.60 0.1581 0.0018 
40 -432.96 130272.88 0.2002 0.0023 
55 -446.75 52247.56 0.4993 0.0058 
Inhibitor II 
25 -432.30 108199.14 0.2411 0.0028 
40 -429.61 86118.10 0.3029 0.0035 
55 -502.70 40392.36 0.6458 0.0075 
Inhibitor III 
25 -340.00 118792.90 0.2196 0.0025 
40 -401.00 97430.18 0.2678 0.0031 
55 -450.00 20847.34 1.2513 0.0145 
Inhibitor IV 
25 -394.52 116957.68 0.2230 0.0026 
40 -450.27 81865.12 0.3187 0.0037 
55 -512.87 12511.32 2.0849 0.0242 
Inhibitor V 
25 -418.98 142452.20 0.1831 0.0021 
40 -425.90 119439.68 0.2184 0.0025 
55 -411.92 26480.02 0.9851 0.0114 
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Figure ‎4.61: PDP Curves for Steel in SCPS with 2000 ppm Cl at 25 ºC 
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Figure ‎4.62: PDP Curves for Steel in SCPS with 2000 ppm Cl at 40 ºC 
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Figure ‎4.63: PDP Curves for Steel in SCPS with 2000 ppm Cl at 55 ºC 
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Table ‎4.15: Summary of PDP Results for Steel Specimens Immersed in SCPS 
Contaminated with 2000 ppm Cl Exposed to Various Temperatures 
 
 
  
 
 
 
Inhibitor 
 
Temperature 
(ºC) 
Ecorr  
 
(mV) 
Rp  
Ohm.cm
2
 
Icorr   
(μA/cm
2
) 
Corrosion 
Rate 
(mm/year) 
None 
25 -405.36 19704.16 1.3233 0.0153 
40 -439.89 10517.26 2.4801 0.0287 
55 -436.38 3392.46 7.6849 0.0891 
Inhibitor I 
25 -366.75 105633.92 0.2470 0.0029 
40 -429.53 56386.66 0.4626 0.0054 
55 -464.03 19728.98 1.3219 0.0153 
Inhibitor II 
25 -485.13 84998.28 0.3069 0.0036 
40 -537.27 47261.66 0.5520 0.0064 
55 -579.40 25352.90 1.0289 0.0119 
Inhibitor III 
25 -390.00 68579.12 0.3804 0.0044 
40 -471.00 53856.48 0.4844 0.0056 
55 -479.00 14836.52 1.7583 0.0204 
Inhibitor IV 
25 -446.82 89585.60 0.2912 0.0034 
40 -446.88 29305.12 0.8902 0.0103 
55 -457.26  6226.32 4.1897 0.0486 
Inhibitor V 
25 -328.48 113971.98 0.2289 0.0027 
40 -387.74 47042.66 0.5545 0.0064 
55 -433.00 14801.48 1.7623 0.0204 
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Figures 4.64 through Figure 4.66 show the efficiency of corrosion inhibitors in 
reducing the corrosion current density with respect to control reinforcing steel at various 
temperatures and chloride concentrations. These figures show that the efficiency is very 
high (between 84.40 to 85.92%) of the selected corrosion inhibitors of steel specimens 
immersed in SCPS incorporating corrosion inhibitors and contaminated with chloride 
concentrations of 1000 and exposure temperature of 25 °C (Figure 4.64). However, the 
efficiency of these inhibitors decreased to (between 71.26 to 82.70%) with an increase in 
the chloride concentration from 1000 to 2000 ppm for the same exposure temperatures.  
Figure 4.65 shows a slight variation (77 to 87%) in the efficiency of the selected 
corrosion inhibitors in reducing corrosion current density of steel specimens immersed in 
SCPS incorporating corrosion inhibitors and contaminated with chloride concentrations of 
1000 and 1500 and exposure temperature of 40 °C. However, the efficiency of these 
inhibitors indicates high variation (64 to 81%) with an increase in the chloride 
concentration from 1500 to 2000 ppm for the same exposure temperatures. 
Figure 4.66 shows a minor variation in the efficiency of the selected corrosion 
inhibitors in reducing corrosion current density of steel specimens immersed in SCPS 
incorporating corrosion inhibitors and contaminated with chloride concentrations of 1000, 
1500 and 2000 ppm and exposure temperature of 55 °C. However, the efficiency of 
Inhibitor IV sharply decreased from 73 to 45 % with increase chloride concentration from 
1000 to 2000 ppm for the same exposure temperature. This indicates that the efficiency of 
Inhibitor IV was significantly affected at high exposure temperatures. That is might be 
Inhibitor IV was designed for aggressive environments with low exposure temperature. 
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It is clear that all the selected corrosion inhibitors were efficient in decreasing the 
corrosion current density for all the chloride exposures. However, the efficiency of 
Inhibitor IV in reducing corrosion current density was sharply reduced with an increase in 
the temperature. 
Figure 4.67 displays the combined effect of chloride, sulfate and temperature on the 
efficiency of the selected corrosion inhibitors in decreasing the corrosion current density. 
The data in Figure 4.67 shows the variation in the efficiency of the selected corrosion 
inhibitors of steel specimens immersed in SCPS incorporating corrosion inhibitors and 
contaminated with 1000 ppm chloride and 500 or 2000 ppm sulfate at a temperature of 40 
ºC. It is clear that Inhibitor V and Inhibitor I provided the highest corrosion efficiency 
(around 80 to 85 %) and Inhibitor IV provided the lowest corrosion efficiency (about 37 to 
27%) in decreasing the corrosion current densities as compared with control steel 
specimens. 
 
 
 
Figure ‎4.64: Effect of Corrosion Inhibitors in Reducing Icorr at 25 ºC and Various Chloride 
Concentrations 
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Figure ‎4.65: Effect of Corrosion Inhibitors in Reducing Icorr at 40 ºC and Various Chloride 
Concentrations 
 
 
 
 
 
Figure ‎4.66: Effect of corrosion inhibitors in reducing Icorr at 55 ºC and various chloride 
concentrations. 
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Figure ‎4.67: Effect of Corrosion Inhibitors in Reducing Icorr at 40 ºc and 1000 Cl and (500 
or 2000) ppm Sulfate 
 
Overall, the selected corrosion inhibitors were effective in decreasing the corrosion 
current density, corrosion rate and minimizing pitting corrosion compared with the control 
specimens. This may be due to their ability to reduce anodic dissolution by forming a 
protective layer on the surface of steel.  
Table 4.16 summarizes the effectiveness of the selected inhibitors in reducing the 
corrosion current density of steel specimens immersed in SCPS during the course of this 
research program. From these data, the recommended corrosion inhibitor for different 
chloride concentrations and various exposure temperatures are displayed in priority in 
Table 4.17.  
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Table ‎4.16 : Effect of Inhibitors in Reducing Icorr at Various Chlorides and Temperatures  
 
 
 
Table ‎4.17: Recommended Corrosion Inhibitor in Priority for Different Exposures 
Chloride 
Con. 
Temperature 
( °C ) 
Reduction in Icorr % 
Inhibitor 
I 
Inhibitor 
II 
Inhibitor 
III 
Inhibitor 
IV 
Inhibitor 
V 
1000 ppm 
25 
85.86 84.40 84.54 85.14 85.92 
1500 ppm 85.50 77.89 79.86 79.54 83.21 
2000 ppm 81.34 76.82 71.26 78.00 82.70 
1000 ppm 
40 
87.68 84.65 84.64 77.55 85.65 
1500 ppm 85.72 78.40 80.91 77.28 84.43 
2000 ppm 81.35 77.75 80.47 64.11 77.64 
1000 ppm 
55 
93.44 91.99 94.46 73.76 90.07 
1500 ppm 93.35 91.41 83.34 72.24 86.89 
2000 ppm 82.81 86.62 77.13 45.51 77.08 
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   2000 ppm 
Inhibitor V, Inhibitor 
I , Inhibitor IV, 
Inhibitor II and 
Inhibitor III 
Inhibitor I, Inhibitor 
III, Inhibitor II, 
Inhibitor V and 
Inhibitor IV 
Inhibitor II, Inhibitor I, 
Inhibitor III, Inhibitor V 
and Inhibitor IV 
 
 
   1500 ppm Inhibitor I , Inhibitor 
V, Inhibitor III 
Inhibitor IV and 
Inhibitor II 
Inhibitor I, Inhibitor 
V, Inhibitor III, 
Inhibitor II and 
Inhibitor IV 
Inhibitor I, Inhibitor II, 
Inhibitor V, Inhibitor III 
and Inhibitor IV 
 
 
   1000 ppm 
Inhibitor V, Inhibitor 
I, Inhibitor IV, 
Inhibitor III and 
Inhibitor II 
Inhibitor I, Inhibitor 
V, Inhibitor II, 
Inhibitor III and 
Inhibitor IV 
Inhibitor III, Inhibitor I , 
Inhibitor II, Inhibitor V 
and Inhibitor IV 
 
 
 
 
               25 ºC             40 ºC              55 ºC 
   Temperature  
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4.8 Effect of Inhibitors on Reinforcement Corrosion using ASTM G 109  
 
The effect of the selected inhibitors in minimizing reinforcement corrosion in concrete 
was evaluated using two types of concrete specimens. The first type of concrete specimens 
was designed according to ASTM G 109 while the second type was designed according to 
ASTM G 109 but with adding artificial a crack. Macro-cell current and corrosion 
potentials were measured at regular intervals (every four weeks). The corrosion potentials 
were measured using high impedance voltmeter in conjunction with a SCE, while the 
macro-cell current was measured using macro-cell set-up [68]. Furthermore, visual 
inspection of the top bar and determination of the chloride concentration at the top bar 
level were also evaluated. The details of these tests were discussed in Chapter 3. 
4.8.1 Macro-Cell Current  
The macro-cell current was measured at regular intervals (once at the start of the 
second week of wetting cycle) for a period of 25 weeks (twelve wetting cycles) for each 
specimen. The macro-cell current was measured for both uncracked and cracked 
specimens. The average macro-cell current for the control specimens as well as the 
specimens made with the selected corrosion inhibitors (both uncracked and cracked 
specimens) is shown in Tables 4.18 through 4.29. Further, Figures 4.68 through 4.82 show 
the average macro-cell current values plotted versus time. However, the individual macro-
cell current verses time plots for each specimen of each group and type are presented in 
Appendices B and C. 
 Figure 4.68 shows the average macro-cell current in the control uncracked specimens. 
From the data in this figure, it is noted that a steady rise in the average measured macro-
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cell current was recorded till it reached 2.247 μA after the 25th week. Whereas Figures 
4.69 displays the average macro-cell current in the uncracked concrete specimens made 
with the Inhibitor I. The maximum average macro-cell current was 0.223 μA which is 
much less than that in the control specimens (Figure 4.68). 
The maximum average macro-cell current for the concrete specimens made with 
Inhibitor II (Figure 4.70) was 0.219 μA by the end of 13th wetting cycle, which is much 
less than the limit value 10 μA [68]. Figures 4.71 through 4.73 shows the average macro-
cell current in the uncracked concrete specimens incorporating Inhibitor III, Inhibitor IV 
and Inhibitor V. The maximum average macro-cell current values were 0.260, 0.267 and 
0.213 μA, respectively, which are much lower than that in the control specimens.  
Figure 4.74 shows the comparison of average macro-cell current for uncracked 
specimens. Control specimens displayed high values compared to the other specimens 
made with the selected corrosion inhibitors. All the uncracked specimens prepared with 
the corrosion inhibitors almost have the same values of macro-cell current during all 
exposure period. Figure 4.75 compares the average macro-cell current of uncracked 
specimens made with the corrosion inhibitors only in order to illustrate the variation in 
macro-cell current during exposure period.  
Figure 4.76 shows the average macro-cell current in the control cracked specimens. 
From this figure, it is noted that a steady rise in the average measured macro-cell current 
was recorded till it reach 31.27 μA after 9th wetting cycle.  
The measured macro-cell current, shown in Figures 4.77 through 4.79, for cracked 
concrete specimens made with Inhibitor I, Inhibitor II and Inhibitor III was more than     
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10 µA. However, the macro-cell current in the concrete specimen prepared with Inhibitor 
IV or Inhibitor V was less than 10 µA, as shown in Figures 4.80 and 4.81, respectively. 
Figure 4.82 presents a comparison of the average macro-cell current for cracked 
specimens. Cracked concrete specimens displayed high value of 31.27 μA after 9th wetting 
cycle compared to the other specimens made with the selected inhibitors. The maximum 
macro-cell current values for the specimens made with Inhibitor I, Inhibitor II and 
Inhibitor III were 15.2, 19.56 and 13.48 μA, respectively. However, the maximum macro-
cell current values for the specimens prepared with Inhibitor IV and Inhibitor V were 
2.891 and 0.853 μA, respectively. This may be due to their ability to affect the shrinkage 
property of concrete and close the crack. Further, they form a protective layer on the 
surface of steel. 
Many fluctuations can be noted in the trends contained in most of the above mentioned 
figures. In the laboratory tests, it has been reported that temperature and other ambient 
conditions significantly affect the readings as well as the moisture content of the concrete 
from wetting-drying cycles affect the results [69]. These factors that exist in the laboratory 
can be neglected due to the fact that at the time of testing all the specimens are under the 
same conditions. Therefore, for evaluation purposes, the error due to ambient conditions 
can be ignored. 
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Table ‎4.18: Macro-Cell Current for Uncracked Control Specimens 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0.08 0.08 0.05 0.070 
01/06/2013 3 0.12 0.21 0.18 0.170 
29/06/2013 5 0.1 0.13 0.17 0.133 
27/07/2013 7 0.1 0.28 0.6 0.327 
25/08/2013 9 0.12 1.87 0.1 0.697 
22/09/2013 11 0.13 2.38 0.16 0.890 
22/10/2013 13 1.85 2.001 2.89 2.247 
 
 
Table ‎4.19: Macro-Cell Current for Uncracked Concrete Specimens Made with Inhibitor I 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 0 0 0.000 
01/06/2013 3 0.101 0.141 0.131 0.124 
29/06/2013 5 0.202 0.172 0.162 0.179 
27/07/2013 7 0.105 0.121 0.106 0.111 
25/08/2013 9 0.202 0.212 0.182 0.199 
22/09/2013 11 0.182 0.242 0.213 0.212 
22/10/2013 13 0.192 0.253 0.223 0.223 
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Table ‎4.20: Macro-Cell Current for Uncracked Concrete Specimens Made with Inhibitor II 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 
Specimen 
2 
Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 0 0 0.000 
01/06/2013 3 0.142 0.162 0.142 0.148 
29/06/2013 5 0.202 0.233 0.162 0.199 
27/07/2013 7 0.162 0.121 0.071 0.118 
25/08/2013 9 0.263 0.243 0.243 0.250 
22/09/2013 11 0.182 0.233 0.233 0.216 
22/10/2013 13 0.192 0.222 0.243 0.219 
 
 
 
Table ‎4.21: Macro-Cell Current for Uncracked Concrete Specimens Made with Inhibitor III 
 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 0 0 0 
01/06/2013 3 0.152 0.152 0.152 0.152 
29/06/2013 5 0.163 0.182 0.142 0.162 
27/07/2013 7 0.163 0.122 0.121 0.135 
25/08/2013 9 0.183 0.193 0.172 0.182 
22/09/2013 11 0.224 0.263 0.283 0.257 
22/10/2013 13 0.234 0.254 0.294 0.260 
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Table ‎4.22: Macro-Cell Current for Uncracked Concrete Specimens Made with Inhibitor IV 
 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 0 0 0.000 
01/06/2013 3 0.121 0.101 0.082 0.101 
29/06/2013 5 0.202 0.162 0.112 0.159 
27/07/2013 7 0.152 0.101 0.102 0.118 
25/08/2013 9 0.202 0.233 0.276 0.237 
22/09/2013 11 0.294 0.283 0.224 0.267 
22/10/2013 13 0.283 0.294 0.204 0.260 
 
 
 
Table ‎4.23: Macro-Cell Current for Uncracked Concrete Specimens Made with Inhibitor V 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 0 0 0.000 
01/06/2013 3 0.0652 0.0837 0.0911 0.0802 
29/06/2013 5 0.112 0.112 0.101 0.108 
27/07/2013 7 0.101 0.102 0.121 0.108 
25/08/2013 9 0.203 0.224 0.213 0.213 
22/09/2013 11 0.152 0.122 0.142 0.139 
22/10/2013 13 0.162 0.143 0.152 0.152 
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Table ‎4.24: Macro-Cell Current for Control Cracked Concrete Specimens 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 17.7 15.3 22.1 18.37 
01/06/2013 3 25.2 24.4 28.4 26.00 
29/06/2013 5 28.9 26.5 31.1 28.83 
27/07/2013 7 31.4 27.5 32.5 30.47 
25/08/2013 9 31.9 28.4 33.5 31.27 
 
 
Table ‎4.25: Macro-Cell Current for Cracked Concrete Specimens Made with Inhibitor I 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 13.20 9.23 6.71 9.712 
01/06/2013 3 12.90 11.88 5.85 10.211 
29/06/2013 5 16.55 12.77 7.64 12.318 
27/07/2013 7 17.36 14.29 9.60 13.748 
25/08/2013 9 22.23 12.11 11.37 15.240 
 
 
Table ‎4.26: Macro-Cell Current for Cracked Concrete Specimens Made with Inhibitor II 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 16.18 24.27 5.07 15.17 
01/06/2013 3 27.71 25.99 14.47 22.72 
29/06/2013 5 27.40 23.21 13.68 21.43 
27/07/2013 7 25.38 23.46 10.16 19.67 
25/08/2013 9 21.23 27.00 10.46 19.56 
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Table ‎4.27: Macro-Cell Current for Cracked Concrete Specimens Made with Inhibitor III 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 3.05 4.78 12.18 6.673 
01/06/2013 3 8.59 11.78 17.93 12.767 
29/06/2013 5 13.24 12.59 13.27 13.032 
27/07/2013 7 12.51 11.37 19.09 14.321 
25/08/2013 9 12.96 10.40 17.086 13.482 
 
 
Table ‎4.28: Macro-Cell Current for Cracked Concrete Specimens Made with Inhibitor IV 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 1.90 0 0.633 
01/06/2013 3 1.63 2.15 2.03 1.936 
29/06/2013 5 1.73 2.60 1.93 2.086 
27/07/2013 7 1.02 3.06 1.18 1.731 
25/08/2013 9 2.54 4.10 2.03 2.891 
 
 
Table ‎4.29: Macro-Cell Current for Cracked Concrete Specimens Made with Inhibitor V 
 
Date Cycle No. 
Macrocell Current (μA) 
Average 
Specimen 1 Specimen 2 Specimen 3 
27/04/2013 Starting wetting cycles 
04/05/2013 1 0 0 0 0.000 
01/06/2013 3 0.244 1.32 0.152 0.573 
29/06/2013 5 3.37 0.234 0.266 1.290 
27/07/2013 7 2.89 0.183 0.558 1.211 
25/08/2013 9 1.85 0.356 0.355 0.853 
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Figure ‎4.68: Average Macro-Cell Current for Steel in Control Uncracked Concrete 
Specimens 
 
 
 
Figure ‎4.69: Average Macro-Cell Current for Steel in Uncracked Concrete Specimens 
Made with Inhibitor I 
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Figure ‎4.70: Average Macro-Cell Current for Steel in Uncracked Concrete Specimens 
Made with Inhibitor II 
 
 
 Figure ‎4.71: Average Macro-Cell Current for Steel in Uncracked Concrete Specimens 
Made with Inhibitor III 
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Figure ‎4.72: Average Macro-Cell Current for Steel in Uncracked Concrete Specimens 
Made with Inhibitor IV 
 
 
 
 
Figure ‎4.73: Average Macro-Cell Current for Steel in Uncracked Concrete Specimens 
Made with Inhibitor V 
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Figure ‎4.74: Comparison of the Average Macro-Cell Current of Uncracked Specimens 
Made with Corrosion Inhibitor and Control Specimens 
 
 
 
Figure ‎4.75: Comparison of the Average Macro-Cell Current of Uncracked Specimens 
Made with Corrosion Inhibitors 
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Figure ‎4.76: Average Macro-Cell Current for Steel in Control Cracked Concrete 
Specimens 
 
 
 
Figure ‎4.77: Average Macro-Cell Current for Steel in Cracked Concrete Specimens Made 
with Inhibitor I 
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Figure ‎4.78: Average Macro-Cell Current for Steel in Cracked Concrete Specimens 
Made with Inhibitor II 
 
 
Figure ‎4.79: Average Macro-Cell Current Exposure for Steel in Cracked Concrete 
Specimens Made with Inhibitor III 
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Figure‎4.80: Average Macro-Cell for Steel in Cracked Concrete Specimens Made with 
Inhibitor IV 
 
 
 
Figure ‎4.81: Average Macro-Cell Current for Steel in Cracked Concrete Specimens Made 
with Inhibitor V 
0
2
4
6
8
10
1 3 5 7 9 11 13 15 17
M
ic
ro
ce
ll
 C
u
rr
e
n
t 
(μ
A
) 
Time (Weeks )  
Inhibitor IV - The Average of the Cracked Specimens 
0
2
4
6
8
10
1 3 5 7 9 11 13 15 17
M
ic
ro
ce
ll
 C
u
rr
e
n
t 
(μ
A
) 
Time (Weeks )  
Inhibitor V - The Average of the Cracked Specimens 
157 
 
 
 
 
Figure ‎4.82: Comparison of the Average Macro-Cell Current of Cracked Specimens Made 
with Corrosion Inhibitors 
 
Overall, no significant macro-cell corrosion current could be noted in any of uncracked 
concrete specimens incorporating inhibitors, based on ASTM G 109 test, through the end of 
the 6- month evaluation. Therefore, from the available data of macro-cell current, the time 
required for these specimens to reach 10 µA was calculated by extrapolation. Table 4.30 
shows the estimated time in years for all uncracked concrete specimens. 
 
Table ‎4.30: Estimated Time for Uncracked Concrete Specimens to Fail 
 
 
Inhibitor Equation Time (years) Improvement % 
None (Control) y=0.006x - .0795 4.62 - 
Inhibitor I y = 0.001x + 0.058 27.31 491.13 
Inhibitor II y = 0.0011x + 0.0673 24.81 437.01 
Inhibitor III y = 0.0013x + 0.0478 21.03 355.19 
Inhibitor IV y = 0.0015x + 0.0262 18.27 295.45 
Inhibitor V y = 0.0009x + 0.0363 30.41 558.23 
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Table 4.31 shows the estimated cost per year depending on the estimated time for 
uncracked concrete specimens to reach 10 µA (Table 4.30) and the cost of the used 
inhibitors.  
However, the macro-cell current in all the cracked specimens was more than 10 µA, 
except in the specimens prepared with Inhibitor V and Inhibitor IV. This might be due to 
the effect of Inhibitor V and Inhibitor IV on shrinkage property of the cracked specimens 
and their ability to close the cracks. Further, Inhibitor V and Inhibitor IV might be forming 
protective layer on the surface of reinforcing steel. 
4.8.2 Total Current 
 
ASTM G 109 requires the period of testing to continue till the average macro-cell 
current reaches 10 µA or greater, and at least half of the specimens show integrated macro-
cell currents equal to or greater than 150 Coulombs. In those cases, where the admixtures 
being tested are corrosive, the tests are to be completed within three full cycles after an 
average integrated macro-cell current of 75 Coulombs is measured [68]. The total corrosion 
current which is the integration of the macro-cell current over time of each specimen was 
calculated using the following equation (as per ASTM G 109): 
TCj=TCj −1+[(tj−tj−1)×(i+ij−1)/2]      4.1 
Where: 
TC: the total corrosion in Coulombs, 
tj: the time in seconds when the macro-cell current was measured, and 
ij: the macro-cell current in Amperes at time, tj.  
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The total current of the cracked and uncracked specimens is shown in Table 4.31. The 
current measured for individual specimens are shown in Appendices B and C. 
 
Table ‎4.31: Total Current of the Cracked and Uncracked Specimens 
 
Specimen 
Type 
Inhibitor Name 
Total Current (Coulombs) 
Specimen 1 Specimen 2 Specimen 3 Average 
Uncracked Control 3.92 14.79 6.79 8.50 
Uncracked  Inhibitor I 2.20 2.51 2.24 2.32 
Uncracked  Inhibitor II 2.58 2.72 2.41 2.57 
Uncracked  Inhibitor III 2.48 2.57 2.52 2.52 
Uncracked  Inhibitor IV 2.76 2.55 2.23 2.51 
Uncracked  Inhibitor V 1.77 1.77 1.84 1.79 
Cracked Control 274.92 249.57 299.35 274.62 
Cracked Inhibitor I 161.81 123.94 80.65 122.13 
Cracked Inhibitor II 246.89 247.28 113.87 202.68 
Cracked Inhibitor III 104.47 107.20 162.30 124.66 
Cracked Inhibitor IV 13.80 27.04 14.89 18.57 
Cracked Inhibitor V 18.18 4.66 2.83 8.56 
 
The average total current in the uncracked concrete specimens with inhibitors is plotted 
in Figure 4.83. It can be noted that the total current in the uncracked control specimens 
(8.5 Coulombs) was more than that in the uncracked specimens with inhibitors (1.79 to 
2.57 Coulombs). The least total current was measured in the concrete specimens prepared 
with Inhibitor V and Inhibitor II.  
Overall, the total current of uncracked specimens was very low (less than 2.6 
Coulombs). This is due to the fact that most of these specimens did not produce a 
measurable macro-cell current from the beginning of the test.  
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From the data in Figure 4.84, it is clear that the average total current of all the cracked 
concrete specimens except those with Inhibitor IV and Inhibitor V have shown total 
macro-cell current of more than 75 Coulombs. This might be due to the effect of Inhibitor 
V and Inhibitor IV on shrinkage property of the cracked specimens and their ability to 
close the cracks. Further, Inhibitor V and Inhibitor IV might be forming protective layer 
on the surface of reinforcing steel. 
Overall, in cracked concrete specimens containing Inhibitor I, Inhibitor II and Inhibitor 
III, it has been observed that these inhibitors could not provide or they provide limited 
protection to reinforcing steel. However, the specimens containing Inhibitor IV and 
Inhibitor V succeeded to provide good protection to reinforcing steel. 
 
 
 
Figure ‎4.83: Total Current in Uncracked Concrete Specimens 
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Figure ‎4.84: Total Current in the Cracked Concrete Specimens 
 
4.8.3 Macro-Cell Corrosion Potential   
The average time-corrosion potential curves for steel in ASTM G 109 concrete 
specimens made with one type of the selected corrosion inhibitors and exposed to 3% of 
NaCl solution are shown in Figures 4.85 through 4.96. The individual time-corrosion 
potential curve for each specimen is shown in Appendices B and C. Furthermore, Tables 
4.32 through 4.43 summarize the average data of corrosion potential measurements for the 
control specimens as well as for the specimens made with the selected corrosion inhibitors 
(both uncracked and cracked). 
The average corrosion potentials in the uncracked control concrete specimens was 
more than the ASTM C 876 threshold value of -270 mV SCE after 25 weeks of drying and 
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specimens with inhibitors (Figs. 4.86 through 4.90) were less negative than the ASTM C 
876 threshold value of -270 mV SCE after 25 weeks of drying and wetting. The maximum 
readings were in the range of -113 to -126 mV, which indicate less than 10% probability of 
corrosion. 
The average corrosion potential for cracked control specimens and specimens 
incorporating Inhibitor II (Figures 4.91 and 4.93) was more negative than the ASTM C 
876 threshold value of -426 mV SCE after 17 weeks of drying and wetting which indicate 
sever corrosion. However, the average corrosion potentials for the cracked concrete 
specimens incorporating Inhibitor I and Inhibitor III was more negative than – 270 mV 
SCE, which indicates more than 90% probability of corrosion (Figs. 4.92 and 4.94) were 
more negative than the ASTM C 876 threshold value of -270 mV SCE after 17 weeks of 
drying and wetting which indicate more than 90% probability of corrosion (active 
corrosion). The corrosion potential for cracked specimens incorporating Inhibitor V and 
Inhibitor IV was in the range of uncertain corrosion. 
Overall, cracked specimens made with Inhibitor II had the most negative readings of       
-466 mV SCE which indicates that Inhibitor II to be the worst among the tested inhibitors 
in terms of corrosion initiation of reinforcing steel in cracked concrete specimens, whereas 
Inhibitor IV and Inhibitor V had the lowest negative readings for the same type of concrete 
specimens. This indicates that Inhibitor IV and Inhibitor V to be the best in terms of 
corrosion initiation in cracked concrete specimens. 
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Figure ‎4.85: Corrosion Potential for Steel in Uncracked Control Concrete Specimens 
 
 
 
 
Figure ‎4.86: Corrosion Potential for Steel in Uncracked Concrete Specimens Made with 
Inhibitor I  
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Figure ‎4.87: Corrosion Potential for Steel in Uncracked Concrete Specimens Made with 
Inhibitor II  
 
 
 
Figure ‎4.88: Corrosion Potential for Steel in Uncracked Concrete Specimens Made with 
Inhibitor III 
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Figure ‎4.89: Corrosion Potential for Steel in Uncracked Concrete Specimens Made with 
Inhibitor IV 
  
 
 
 
 
Figure ‎4.90: Corrosion Potential for Steel in Uncracked Concrete Specimens Made with 
Inhibitor V.  
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Figure ‎4.91: Corrosion Potential for Steel in Control Cracked Concrete Specimens 
 
 
Figure ‎4.92: Corrosion Potential for Steel in Cracked Concrete Specimens Made with 
Inhibitor I  
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Figure ‎4.93: Corrosion potential for steel in cracked concrete specimens made with 
Inhibitor II.  
 
 
 
 
 
Figure ‎4.94: Corrosion Potential for Steel in Cracked Concrete Specimens Made with 
Inhibitor III  
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Figure ‎4.95: Corrosion Potential for Steel in Cracked Concrete Specimens Made with 
Inhibitor IV   
 
 
 
 
Figure  4.96: Corrosion Potential for Steel in Cracked Concrete Specimens Made with 
Inhibitor V  
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Figure 4.97 illustrates the comparison of average corrosion potential for uncracked 
concrete specimens. The data in this Figure show that only uncracked control concrete 
specimens pass the limit value of -270 mV after 12 cycles of wetting and drying. However, 
specimens made with inhibitors showed corrosion potential values less negative than -126 
mV which indicate 10 % probability of corrosion [62].  
 
 
 
Figure ‎4.97: Comparison of the Average Corrosion Potential of Uncracked Specimens 
Made with Corrosion Inhibitors and Control Specimens 
 
Figure 4.98 illustrates the average corrosion potential for cracked concrete specimens. 
It is to be noted that the specimens made with Inhibitor I, Inhibitor II and Inhibitor III 
showed high corrosion potential values after about nine weeks of wetting cycles while the 
concrete specimens made with Inhibitor V and Inhibitor IV did not reach the threshold 
value even 9
th
 wetting cycle. This may be due to the fact that Inhibitor V and Inhibitor IV 
were forming a protective layer on the steel surface. 
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Figure ‎4.98: Comparison of Average Corrosion Potential of Cracked Specimens Made 
with Corrosion Inhibitors 
 
 
Table ‎4.32: Corrosion Potential Data for Uncracked Control Specimens 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one -79 -92 -78 -83.0 
01/06/2013 three -96 -156 -94 -115.3 
29/06/2013 five -156 -160 -167 -161.0 
27/07/2013 seven -160 -183 -168 -170.3 
25/08/2013 nine -174 -198 -191 -187.7 
22/09/2013 eleven -204 -224 -208 -212.0 
22/10/2013 twelve -263 -296 -285 -281.3 
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Table ‎4.33: Corrosion Potential Data for Uncracked Concrete Specimens Made with 
Inhibitor I 
 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one 59 43 48 50 
01/06/2013 three -113 -119 -120 -118 
29/06/2013 five -117 -121 -124 -121 
27/07/2013 seven -86 -92 -74 -84 
25/08/2013 nine -65 -70 -68 -68 
22/09/2013 eleven -69 -73 -77 -73 
22/10/2013 twelve -72 -77 -79 -76 
 
 
 
Table ‎4.34: Corrosion Potential Data for Uncracked Concrete Specimens Made with 
Inhibitor II 
 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one 51 38 57 49 
01/06/2013 three -119 -113 -105 -113 
29/06/2013 five -121 -116 -108 -115 
27/07/2013 seven -94 -87 -80 -87 
25/08/2013 nine -77 -69 -60 -69 
22/09/2013 eleven -87 -74 -69 -77 
22/10/2013 twelve -91 -75 -73 -80 
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Table ‎4.35: Corrosion Potential Data for Uncracked Concrete Specimens Made with 
Inhibitor III 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one 22 2 5 10 
01/06/2013 three -107 -116 -117 -113 
29/06/2013 five -109 -106 -103 -106 
27/07/2013 seven -76 -89 -90 -85 
25/08/2013 nine -62 -70 -77 -70 
22/09/2013 eleven -72 -79 -79 -77 
22/10/2013 twelve -77 -82 -82 -81 
 
 
Table ‎4.36: Corrosion Potential Data for Uncracked Concrete Specimens Made with 
Inhibitor IV 
 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one 20 31 34 28 
01/06/2013 three -101 -90 -97 -96 
29/06/2013 five -125 -123 -121 -123 
27/07/2013 seven -92 -78 -84 -85 
25/08/2013 nine -71 -66 -60 -66 
22/09/2013 eleven -76 -71 -64 -70 
22/10/2013 twelve -85 -79 -73 -79 
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Table ‎4.37: Corrosion Potential Data for Uncracked Concrete Specimens Made with 
Inhibitor V 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one 41 50 32 41 
01/06/2013 three -91 -88 -104 -94 
29/06/2013 five -124 -120 -135 -126 
27/07/2013 seven -74 -81 -80 -78 
25/08/2013 nine -70 -62 -82 -71 
22/09/2013 eleven -77 -69 -89 -79 
22/10/2013 twelve -81 -73 -94 -83 
 
 
 
Table ‎4.38: Corrosion Potential Data for Cracked Control Specimens 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one -345 -317 -425 -362.33 
01/06/2013 three -498 -394 -495 -462.33 
29/06/2013 five -504.2 -477 -513 -498.07 
27/07/2013 seven -512 -503 -521 -512 
25/08/2013 nine -521 -515 -529 -521.67 
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Table ‎4.39: Corrosion Potential Data for Cracked Concrete Specimens Made with Inhibitor I 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one -308 -250 -184 -247 
01/06/2013 three -389 -336 -246 -324 
29/06/2013 five -366 -385 -266 -339 
27/07/2013 seven -388 -308 -291 -329 
25/08/2013 nine -420 -256 -311 -329 
 
 
Table ‎4.40: Corrosion Potential Data for Cracked Concrete Specimens Made with Inhibitor II 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one -259 -322 -260 -185 
01/06/2013 three -430 -417 -428 -425 
29/06/2013 five -491 -517 -433 -480 
27/07/2013 seven -479 -525 -416 -473 
25/08/2013 nine -502 -495 -400 -466 
 
 
Table ‎4.41: Corrosion Potential Data for Cracked Concrete Specimens Made with Inhibitor III 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one -161 -123 -260 -181 
01/06/2013 three -349 -239 -441 -343 
29/06/2013 five -435 -324 -471 -410 
27/07/2013 seven -403 -384 -458 -415 
25/08/2013 nine -406 -367 -399 -391 
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Table ‎4.42: Corrosion Potential Data for Cracked Concrete Specimens Made with Inhibitor IV 
 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one -49 -85 -35 -56 
01/06/2013 three -78 -127 -92 -99 
29/06/2013 five -114 -182 -106 -134 
27/07/2013 seven -104 -214 -98 -139 
25/08/2013 nine -153 -288 -151 -197 
 
 
Table ‎4.43: Corrosion Potential Data for Cracked Concrete Specimens Made with Inhibitor V 
 
 
 
4.8.4 Chemical Analysis for Free Chloride Contents 
After 12 cyclic exposures to 3% NaCl solution, the chloride content at the steel level in 
ASTM G 109 cracked and uncracked specimens was measured. Table 4.44 summarizes 
the chloride content at the bar level for all ASTM G 109 specimens. The control concrete 
specimen had the highest diffused chloride, based on water-soluble chloride content at the 
Date Cycle No. 
Corrosion potential (mV) SCE 
Specimen 1 Specimen 2 Specimen 3 Average 
27/04/2013 Starting wetting cycles 
04/05/2013 one 35 38 22 32 
01/06/2013 three -107 -122 -103 -111 
29/06/2013 five -219 -176 -149 -181 
27/07/2013 seven -285 -162 -228 -225 
25/08/2013 nine -251 -194 -156 -200 
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bar level (25 mm depth) of 0.75% by weight of cement. The chloride content for the 
control specimens as well as the specimens which were made with corrosion inhibitors 
was more than the minimum threshold value of 0.15%. However, the chloride 
concentration in the concrete specimens with Inhibitor V was less than 0.15% by weight of 
cement. That is might be due to Inhibitor V ability to reduce the permeability of the 
concrete. Furthermore, the chloride concentration in the concrete specimens with all the 
inhibitors was less than that in the control concrete specimens. This indicates that the 
investigated inhibitors were effective in binding the chlorides. 
 
Table ‎4.44: Chloride Content at the Bar Level 
 
Specimen Type Inhibitor 
Chloride Concentration 
 (% by Weight of Cement) 
Uncracked Control 0.747 
Uncracked Inhibitor I 0.1996 
Uncracked Inhibitor II 0.293 
Uncracked Inhibitor III 0.261 
Uncracked Inhibitor IV 0.230 
Uncracked Inhibitor V 0.1096 
Cracked Control 1.330 
Cracked Inhibitor I 1.017 
Cracked Inhibitor II 1.258 
Cracked Inhibitor III 1.052 
Cracked Inhibitor IV 0.983 
Cracked Inhibitor V 0.814 
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4.8.5 Visual Examination of Steel 
At the end of the exposure period, the concrete specimens were broken and the anodic 
steel was visually inspected and photographed.  
4.4.5.1 Uncracked Control Specimen  
The inspection of the top bar of the steel bar in the uncracked control specimen (photo 
4.1) shows extensive corrosion at the ends of the bar. Also, marginal general corrosion was 
noted at the middle of the bar. The maximum average macro-cell current reading was 
2.247 µA which indicates that the specimens has not yet reached the failure threshold of 
10 µA and the half-cell potential readings were in the range of 90% probability of 
corrosion.  
 
Photo  4.1: Steel in Uncracked Control Specimen 
 
4.4.5.2 Uncracked Concrete Specimen incorporating Inhibitor I  
The condition of this specimen is shown in Photo 4.2. Small areas of corrosion on the 
top ribs and at the ends of the exposure area of the anodic bar (the top bar) were noted. 
This specimen revealed initiation of corrosion but not yet at a critical point. This specimen 
was removed after six months (12 cycles) and both the maximum average macro-cell and 
potential readings fell into the lower ranges 0.223 µA and -121 mV respectively. The 
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measured macro-cell current was less than 2 μA and the half-cell potential values indicated 
a 10% probability of corrosion. 
 
 
Photo ‎4.2:  Steel in Uncracked Concrete Specimen with Inhibitor I 
 
4.4.5.3 Uncracked Concrete Specimen Incorporating Inhibitor II  
The condition of the steel bar in the concrete specimen incorporating Inhibitor II is 
shown in Photo 4.3. Corrosion spots and pits on the edges of the top of the anodic bar were 
noted. This specimen revealed initiation of corrosion but not yet at a critical point. This 
specimen was removed after six months (12 cycles) and both the maximum average 
macro-cell and potential readings fell into the lower ranges 0.250 µA and -115 mV 
respectively. The measured macro-cell current was less than 2 μA and the half-cell 
potential values indicated a 10% probability of corrosion. 
 
 
Photo ‎4.3: Steel Bar in Uncracked Specimen Incorporating Inhibitor II 
 
4.4.5.4 Uncracked Concrete Specimen Incorporating Inhibitor III  
The steel in concrete with Inhibitor III is shown in Photo 4.4. The top side of the 
anodic bar showed marginal general corrosion on the top side of the bar as well as tiny 
spots of corrosion were noted on the top ribs. This specimen revealed marginal initiation 
of corrosion on the ribs but it has not yet been in a critical point. This specimen was 
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removed after six months (12 cycles) and both the maximum average macro-cell and 
potential readings fell into the lower ranges 0.260 μA and -113 mV respectively. The 
measured macro-cell current was less than 2 μA and the half-cell potential values indicated 
a 10% probability of corrosion. 
 
 
Photo ‎4.4: Steel Bar in Uncracked Specimen Incorporating Inhibitor III 
 
4.4.5.5 Uncracked Concrete Specimen Incorporating Inhibitor IV  
The steel bar in the concrete incorporating Inhibitor IV is shown in Photo 4.5. 
Localized corrosion at one end of the bar was noted. The specimen revealed initiation of 
corrosion but it has not yet been at a critical point. This specimen was removed after six 
months (12 cycles) and both the maximum average macro-cell and potential readings fell 
into the lower ranges 0.267 µA and -123 mV respectively. The measured macro-cell 
current was less than 2 μA and the half-cell potential values indicated a 10% probability of 
corrosion. 
 
 
 
Photo ‎4.5: Steel Bar in Uncracked Specimen Incorporating Inhibitor IV 
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4.4.5.6 Uncracked Concrete Specimen Incorporating Inhibitor V  
The steel bar in the concrete incorporating Inhibitor V is shown in Photo 4.6. Tiny 
spots of corrosion were noted on the top ribs. This specimen was removed after six months 
(12 cycles) and both the maximum average macro-cell and potential readings fell into the 
lower ranges 0.152 µA and -126 mV respectively. The measured macro-cell current was 
less than 2 μA and the half-cell potential values indicated a 10% probability of corrosion. 
 
Photo ‎4.6: Steel Bar in Uncracked Specimen Incorporating Inhibitor V 
   
4.4.5.7 Crcked Control Specimen  
The steel in cracked control specimen had extensive corrosion along the top side of the 
anodic bar (the top bar). The inspection of the top bar (photo 4.7) shows multiple pits 
distributed along the top side of the anodic bar. Also, the top bar was almost completely 
covered in corrosion for the full length of the bar. The average macro-cell current readings 
revealed the specimens passed the threshold and the half-cell potential readings were in the 
range of severe corrosion. 
 
 
 
Photo ‎4.7: Steel in Cracked Control Specimen 
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4.4.5.8 Cracked Concrete Specimen Incorporating Inhibitor I  
The steel bar in the concrete incorporating Inhibitor I is shown in Photo 4.8. 
Extensive corrosion at the ends of the bar was noted. Also, slight general corrosion was 
noted at the middle of the bar. The maximum average current was 15.24 µA which is more 
than 10 μA and the maximum half-cell potential reading was -339 mV which fells into the 
90% probability of corrosion.  
 
Photo  4.8: Steel Bar in Cracked Specimen Incorporating Inhibitor I 
 
4.4.5.9 Cracked Concrete Specimen Incorporating Inhibitor II  
The steel bar in the concrete incorporating Inhibitor II is shown in Photo 4.9. 
Extensive corrosion at the ends of the exposure area of the top bar is noted. Also, slight 
general corrosion was observed at the middle of the bar. The maximum average current 
was 22.72 µA which is more than 10 μA and the maximum half-cell potential reading was 
-480 mV which indicates sever corrosion. 
 
Photo ‎4.9: Steel Bar in Cracked Specimen Incorporating Inhibitor II 
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4.4.5.10 Cracked Concrete Specimen Incorporating Inhibitor III 
The steel bar in the concrete incorporating Inhibitor III is shown in Photo 4.10. The 
top side of the anodic bar was almost completely covered with slight general corrosion. 
This specimen revealed initiation of corrosion. The maximum average current was 14.32 
µA which is more than 10 μA and the maximum half-cell potential reading was -415 mV 
which fells into the 90% probability of corrosion. 
 
Photo ‎4.10: Steel Bar in Cracked Specimen Incorporating Inhibitor III 
 
4.4.5.11 Cracked Concrete Specimen Incorporating Inhibitor IV 
The steel bar in the concrete incorporating Inhibitor IV is shown in Photo 4.11. 
Localized corrosion at different points of the bar was noted. The maximum average 
current was 2.89 µA which is less than 10 μA and the maximum half-cell potential reading 
was -197 mV which fells into corrosion activity uncertain. 
 
Photo ‎4.11: Steel Bar in Cracked Specimen Incorporating Inhibitor IV 
 
4.4.5.12 Cracked Concrete Specimen Incorporating Inhibitor V 
The steel bar in the concrete incorporating Inhibitor V is shown in Photo 4.12. Tiny 
spots of corrosion were noted on the top ribs. This specimen was removed after six months 
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(12 cycles) and both the macro-cell and potential fell into the lower range. The maximum 
average current was 1.29 µA which is less than 10 μA and the maximum half-cell potential 
reading was -225 mV which fells into corrosion activity uncertain. 
 
Photo  4.12: Steel Bar in Cracked Specimen Incorporating Inhibitor V 
 
 
 
From the data in Table 4.45 and 4.46, it can be seen that Inhibitor V and Inhibitor I are 
the best performers in uncracked specimens whereas Inhibitor V and Inhibitor IV are the 
best in cracked specimens, though the differences in the overall performance of the used 
corrosion inhibitors in uncracked specimens are not that significant.  
 
 Table ‎4.45: Summery Results of Evaluation for Uncracked Specimens 
 
 
  
Test Method  
(ASTM G 109) 
Inhibitor 
I 
Inhibitor 
II 
Inhibitor 
III 
Inhibitor 
IV 
Inhibitor 
V 
Control 
Average Total 
Integrated Current 
(Coulombs) 
2.32 2.57 2.52 2.51 1.79 8.50 
Corrosion Potential 
(maximum value) 
mV 
-121 -115 -113 -123 -126 -281.3 
Chloride 
Concentration (%by 
weight of cement) 
0.1996 0.293 0.261 0.230 0.1096 0.747 
 (Corroded area %) 
by  Visual 
Inspection 
5 8 5 5 5 45 
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Table ‎4.46: Summery Results of Evaluation for Cracked Specimens 
 
Test Method  
(ASTM G 109) 
Inhibitor 
I 
Inhibitor 
II 
Inhibitor 
III 
Inhibitor 
IV 
Inhibitor 
V 
Control 
Average Total 
Integrated Current 
(Coulombs) 
122.13 202.68 124.66 18.57 8.56 274.62 
Corrosion Potential 
(maximum value) 
mV 
-339 -480 -415 -197 -224 -521 
Chloride Concentration 
(%by weight of 
cement) 
1.017 1.258 1.052 0.983 0.814 1.330 
 (corroded area %) by 
Visual Inspection 
40 50 30 20 15 90 
 
Macro-cell current readings are used to determine the total integrated current passed 
during the whole period of testing whereas corrosion potential readings are used to predict 
the susceptibility of corrosion initiation. Further, chloride concentration at the bar level 
gives indication about the permeability of concrete specimens. Visual inspection of steel 
bars can be used to determine the corroded area and type of the corrosion (general or 
pitting corrosion). 
 
4.8.6 Cost Evaluation 
Table 4.47 shows the cost comparison of all the selected corrosion inhibitors, the costs 
of theses inhibitors are calculated considering the costs of corrosion inhibitors in Saudi 
Arabia for the years 2013 through 2014. These costs do not include delivery, fabrication 
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and placement in the concrete mix. All costs are expressed in Saudi riyal per cubic meter 
of concrete.  
The cost per cubic meter of concrete per year based on the time to reach 10 µA is 
summarized in Table 4.47. From these data (Table 4.47) it is clear that inhibitor V has the 
lowest cost of 9 SR/m
3
 of concrete, followed by Inhibitor II, inhibitor I and Inhibitor III 
whereas inhibitor IV has the highest cost of 15.7 SR/ m
3
. However, the cost of concrete 
with Inhibitor IV is still less than that of control specimens which is SR 43.3. 
 
Table ‎4.47: The Estimated Cost for One Cubic Meter of Concrete per Year 
 
 
 
 
 
 
 
 
 
 
 
 
Cost per  year 
(SR) 
Estimated time 
to reach 10 
µA(years) 
Cost/m
3
 of 
concrete (SR) 
Cost per 
Litter (SR) 
Dosage 
(l/m
3
) 
Inhibitor 
43.3 4.62 200 - - 
None 
(control) 
10.1 27.31 275 5 15 Inhibitor I 
9.9 24.81 246.5 3.1 15 Inhibitor  II 
11.1 21.03 233 55 0.6 Inhibitor III 
15.7 18.27 287.5 12.5 15 Inhibitor IV 
9.0 30.41 275 5 15 Inhibitor V 
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CHAPTER 5  
CONCLUSIONS AND RECOMMENDATIONS 
 
 
5.1 Conclusions  
 
This investigation was conduct to evaluate the performance of different types of 
corrosion inhibitors in retarding reinforcement corrosion. Based on the experimental 
results developed in this investigation, the following conclusions could be drawn: 
1. Potentio-dynamic curves (PDCs) for mild steel specimens placed in simulated 
concrete pore solution (SCPS) without any corrosion inhibitor and contaminated 
with 1000 or 1500 ppm exhibited general corrosion for all exposure temperatures. 
Steel specimens exposed to chloride concentration of 2000 ppm and temperatures 
of 25, 40 °C also exhibited general corrosion. However, when the temperature of 
the SCPS increased to 55 °C, pitting corrosion was observed. 
2. PDCs for steel in all the investigated corrosion inhibitors indicated general 
corrosion and they were efficient in minimizing pitting corrosion and decreasing 
the rate of corrosion. The efficiency of the selected inhibitors in reducing corrosion 
current ranges from 45 to 94 % depending on inhibitor type, chloride concentration 
and exposure temperature. 
3. An increase in temperature and/or chloride concentration increased the corrosion 
current density as well as the corrosion rate. This increase was low for exposure 
temperatures of 25 and 40 °C. However, this increase was significant when the 
exposure temperature was increased to 55 °C. 
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4. The presence of chloride and sulfate at elevated temperature conditions, simulation 
the exposure conditions in Saudi Arabia, can significantly accelerate the steel 
corrosion in alkaline media, as in concrete. 
5. Corrosion current density and corrosion rate of steel specimens immersed in SCPS 
incorporating selected inhibitors were increased by two to three times with the 
increase in the sulfate concentration from 0 to 2,000 ppm. 
6. The PDP curves showed that an increase in the sulfate concentration from 0 to 
2000 ppm significantly increased the anodic dissolution at low potential levels. 
7. The efficiency of all the selected corrosion inhibitors decreased with an increase in 
the sulfate concentration from 0 to 2000 ppm. 
8. Among the inhibitors investigated, the performance of Inhibitor I, Inhibitor V, 
Inhibitor II and Inhibitor III was better than that of Inhibitor IVwhen exposed to 
high temperature. 
9. PDP curves showed that the current required for transition from cathodic to anodic 
polarization decreased with an increase in the temperature. This indicates a 
decrease in the polarization resistance of the solution and acceleration in the 
corrosion process.  
10. The total corrosion current in an uncracked concrete specimens with the selected 
corrosion inhibitors was three to four times less than that in the control concrete 
specimens. 
11.  Inhibitor I, Inhibitor II and Inhibitor III provided limited protection to reinforcing 
steel in cracked concrete specimens. However, Inhibitor IV and Inhibitor V 
provided better protection to reinforcing steel in the cracked specimens.  
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12. The measured corrosion potential of all the uncracked concrete specimens 
incorporating the selected inhibitors was approximately the same, less negative 
than –126 mV SCE, which indicates less than 10% probability of corrosion. 
However, the corrosion potential of uncracked control specimens was more 
negative than -270 mV SCE, which indicates 90% probability of corrosion. 
13.  The corrosion potential for cracked concrete specimens incorporating Inhibitor I 
and Inhibitor III was more negative than -270 mV SCE, which indicates more than 
90% probability of corrosion. However, the corrosion potential of cracked control 
specimens and specimens incorporating Inhibitor II was more negative than   -426 
mV SCE, which indicates severe corrosion. The corrosion potential for cracked 
specimens incorporating Inhibitor V and Inhibitor IV was in the range of uncertain 
corrosion. 
14. The chloride content at the level of the top bar for both uncracked and cracked 
specimens was more the threshold limits. However, it was less than the threshold 
limits in the uncracked concrete specimens incorporating Inhibitor V.  
15. The chloride content at the level of the top bar level did not show a strong 
correlation with the corrosion observed in the uncracked specimens. 
 
5.2 Recommendations 
 
 Many specific recommendations have been noticed during the course of this study. 
Recommendations are divided into two parts: The first part of the recommendation is for 
the continuation of the existing study; while the second one identifies the specific ideas for 
future applications (i.e. studies). 
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5.2.1 Recommendations 
 
1. The recommended corrosion inhibitor for varying chloride and sulfate 
concentrations and exposure temperatures in order of priority are provided in the 
following table: 
Chloride 
Concentration 
(ppm) 
Sulfate 
Concentration 
(ppm) 
Temperature (°C) 
25 40 55 
1000 
(Low) 
0 
All 
All 
All except IV 500 
Inhibitor I, Inhibitor 
V , Inhibitor III, and  
Inhibitor II 
2000 
Inhibitor I, Inhibitor 
V, Inhibitor II and 
Inhibitor III 
1500 
(moderate) 
0 
All All 
Inhibitor I, 
Inhibitor II, 
Inhibitor V 
500 
2000 
2000 
(sever) 
0 
All All except IV 
Inhibitor II, 
Inhibitor I 500 
2000 
  
2. All corrosion inhibitors performed well in the uncracked concrete specimens. 
However, the recommended corrosion inhibitors depending on the cost per cubic 
meter of concrete per year in order of priority are Inhibitor V followed by Inhibitor 
II, inhibitor I, Inhibitor III and Inhibitor IV. 
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5.2.2 Future Works 
 
1. In addition to laboratory ASTM G 109 test specimens' results, it is clear that the 
evaluation of field applications with the five selected inhibiting admixtures would 
be required. The results of both the laboratory study and the field study can then be 
compared to determine how well they correlate and determine whether the 
laboratory procedure effectively simulates the field performance. 
2. It may be useful to evaluate the performance of corrosion inhibitors when used in 
conjunction with other concrete admixtures, such as slag cement, fiber 
reinforcement, and pozzolans which are becoming more common these days. 
3. The effect of crack width and type on the performance of corrosion inhibitor 
should be investigated. Cracks in concrete are not of the same size, and not all 
types of corrosion inhibitor necessarily work well to minimize corrosion in 
reinforcement. Previous researches in this area are limited. Different crack types 
and widths were not included in this study due to the number of other variables 
considered. Hence, a more extensive investigation of these variables should be 
performed. 
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APPENDICES 
APPENDIX (A) 
 
A. Data Interpretation Tables 
 
Table ‎0A.1: Interpretation of Half-Cell (Corrosion) Potential Readings (ASTM C 876) 
 
Half-cell Potential (mV) Corrosion Activity 
< -426 Sever Corrosion 
> -270 90% Probability of Corrosion Occurring 
-126 to –270 Corrosion Activity Uncertain 
< -125 90% Probability of No Corrosion Occurring 
 
 
Table A.2: Interpretation of Corrosion Rate Data (Scannell, 1997) 
 
Icorr μA/cm
2
 Corrosion Condition 
Less than 0.1  Passive Condition 
0.1 to 0.5  Low to Moderate Corrosion 
0.5 to 1.0  Moderate to High Corrosion 
Greater than 1.0  High Corrosion 
 
 
Table A.3: Water-Soluble Chloride-Ion Limits in ACI 318-9 
 
Type of member 
Maximum water-soluble chloride ion 
(Cl
-
) content in concrete, percent by 
weight of cement 
Prestressed concrete 0.06 
Reinforced concrete exposed to chloride in 
service 
0.15 
Reinforced concrete that will be dry or 
protected from moisture in service 
1 
Other reinforced concrete construction 0.3 
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APPENDIX (B) 
 
RECORD OF ALL READINGS FOR ASTM G109 
B. 1 Macro-cell Readings for Uncracked ASTM G109 Specimens 
Table B.1: Macro-Cell Current for Uncracked Control Specimen (1) 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 
 
04/05/2013 1 wet 100 0.008 0.08 0.02 
01/06/2013 3 wet 100 0.012 0.12 0.27 
29/06/2013 5 wet 100 0.010 0.10 0.53 
27/07/2013 7 wet 100 0.010 0.10 0.77 
25/08/2013 9 wet 100 0.012 0.12 1.05 
22/09/2013 11 wet 100 0.013 0.13 1.35 
22/10/2013 13 wet 100 0.185 1.85 3.92 
 
Table B.2: Macro-Cell Current for Uncracked Control Specimen (2) 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 
 
04/05/2013 1 wet 100 0.008 0.08 0.02 
01/06/2013 3 wet 100 0.021 0.21 0.37 
29/06/2013 5 wet 100 0.013 0.13 0.79 
27/07/2013 7 wet 100 0.028 0.28 1.28 
25/08/2013 9 wet 100 0.187 1.87 3.98 
22/09/2013 11 wet 100 0.238 2.38 9.12 
22/10/2013 13 wet 100 0.200 2.00 14.79 
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Table B.3: Macro-Cell Current for Uncracked Control Specimen (3) 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 
 
04/05/2013 1 wet 100 0.005 0.05 0.02 
01/06/2013 3 wet 100 0.018 0.18 0.29 
29/06/2013 5 wet 100 0.017 0.17 0.72 
27/07/2013 7 wet 100 0.060 0.60 1.65 
25/08/2013 9 wet 100 0.010 0.10 2.53 
22/09/2013 11 wet 100 0.016 0.16 2.84 
22/10/2013 13 wet 100 0.289 2.89 6.79 
 
 
 
Table B.4: Macro-Cell Current for Uncracked Concrete Specimen (1) Made with Inhibitor I 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 
 
04/05/2013 1 wet 98.8 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 0.010 0.10 0.12 
29/06/2013 5 wet 98.8 0.020 0.20 0.49 
27/07/2013 7 wet 98.8 -0.010 0.11 0.86 
25/08/2013 9 wet 98.8 -0.020 0.20 1.25 
22/09/2013 11 wet 98.8 -0.018 0.18 1.71 
22/10/2013 13 wet 98.8 -0.019 0.19 2.20 
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Table B.5: Macro-Cell Current for Uncracked Concrete Specimen (2) Made with Inhibitor I 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 99 0.000 0.00 0.00 
01/06/2013 3 wet 99 0.014 0.14 0.17 
29/06/2013 5 wet 99 0.017 0.17 0.55 
27/07/2013 7 wet 99 -0.012 0.12 0.90 
25/08/2013 9 wet 99 -0.021 0.21 1.32 
22/09/2013 11 wet 99 -0.024 0.24 1.87 
22/10/2013 13 wet 99 -0.025 0.25 2.51 
 
 
 
Table B.6: Macro-Cell Current for Uncracked Concrete Specimen (3) Made with Inhibitor I 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.7 0.000 0.00 0.00 
01/06/2013 3 wet 98.7 0.013 0.13 0.16 
29/06/2013 5 wet 98.7 0.016 0.16 0.51 
27/07/2013 7 wet 98.7 -0.011 0.11 0.84 
25/08/2013 9 wet 98.7 -0.018 0.18 1.20 
22/09/2013 11 wet 98.7 -0.021 0.21 1.68 
22/10/2013 13 wet 98.7 -0.022 0.22 2.24 
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Table B.7: Macro-Cell Current for Uncracked Concrete Specimen (1) Made with Inhibitor II 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.8 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 0.014 0.14 0.17 
29/06/2013 5 wet 98.8 0.020 0.20 0.59 
27/07/2013 7 wet 98.8 -0.016 0.16 1.03 
25/08/2013 9 wet 98.8 -0.026 0.26 1.56 
22/09/2013 11 wet 98.8 -0.018 0.18 2.10 
22/10/2013 13 wet 98.8 -0.019 0.19 2.58 
 
 
 
Table B.8: Macro-Cell Current for Uncracked Concrete Specimen (2) Made with Inhibitor II 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 99 0.000 0.00 0.00 
01/06/2013 3 wet 99 0.016 0.16 0.20 
29/06/2013 5 wet 99 0.023 0.23 0.67 
27/07/2013 7 wet 99 -0.012 0.12 1.10 
25/08/2013 9 wet 99 -0.024 0.24 1.56 
22/09/2013 11 wet 99 -0.023 0.23 2.13 
22/10/2013 13 wet 99 -0.022 0.22 2.72 
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Table B.9: Macro-Cell Current for Uncracked Concrete Specimen (3) Made with Inhibitor II 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.7 0.000 0.00 0.00 
01/06/2013 3 wet 98.7 0.014 0.14 0.17 
29/06/2013 5 wet 98.7 0.016 0.16 0.54 
27/07/2013 7 wet 98.7 -0.007 0.07 0.82 
25/08/2013 9 wet 98.7 -0.024 0.24 1.21 
22/09/2013 11 wet 98.7 -0.023 0.23 1.79 
22/10/2013 13 wet 98.7 -0.024 0.24 2.41 
 
 
 
Table B.10: Macro-Cell Current for Uncracked Concrete Specimen (1) Made with Inhibitor III 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.4 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 0.015 0.15 0.18 
29/06/2013 5 wet 98.8 -0.016 0.16 0.57 
27/07/2013 7 wet 98.8 -0.016 0.16 0.96 
25/08/2013 9 wet 98.8 -0.018 0.18 1.39 
22/09/2013 11 wet 98.8 -0.022 0.22 1.88 
22/10/2013 13 wet 98.8 -0.023 0.23 2.48 
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Table B.11: Macro-Cell Current for Uncracked Concrete Specimen (2) Made with Inhibitor III 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.7 0.000 0.00 0.00 
01/06/2013 3 wet 98.7 0.015 0.15 0.18 
29/06/2013 5 wet 98.7 -0.018 0.18 0.59 
27/07/2013 7 wet 98.7 -0.012 0.12 0.96 
25/08/2013 9 wet 98.7 -0.019 0.19 1.35 
22/09/2013 11 wet 98.7 -0.026 0.26 1.90 
22/10/2013 13 wet 98.7 -0.025 0.25 2.57 
 
 
 
 
Table B.12: Macro-Cell Current for Uncracked Concrete Specimen (3) Made with Inhibitor III 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.8 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 0.015 0.15 0.18 
29/06/2013 5 wet 98.8 -0.014 0.14 0.54 
27/07/2013 7 wet 98.8 -0.012 0.12 0.86 
25/08/2013 9 wet 98.8 -0.017 0.17 1.22 
22/09/2013 11 wet 98.8 -0.028 0.28 1.78 
22/10/2013 13 wet 98.8 -0.029 0.29 2.52 
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Table B.13: Macro-Cell Current for Uncracked Concrete Specimen (1) Made with Inhibitor IV 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.8 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 -0.012 0.12 0.15 
29/06/2013 5 wet 98.8 -0.020 0.20 0.54 
27/07/2013 7 wet 98.8 -0.015 0.15 0.97 
25/08/2013 9 wet 98.8 -0.020 0.20 1.41 
22/09/2013 11 wet 98.8 -0.029 0.29 2.01 
22/10/2013 13 wet 98.8 -0.028 0.28 2.76 
 
 
Table B.14: Macro-Cell Current for Uncracked Concrete Specimen (2) Made with Inhibitor IV 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.8 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 0.010 0.10 0.12 
29/06/2013 5 wet 98.8 -0.016 0.16 0.44 
27/07/2013 7 wet 98.8 -0.010 0.10 0.76 
25/08/2013 9 wet 98.8 -0.023 0.23 1.18 
22/09/2013 11 wet 98.8 -0.028 0.28 1.80 
22/10/2013 13 wet 98.8 -0.029 0.29 2.55 
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Table B.15: Macro-Cell Current for Uncracked Concrete Specimen (3) Made with Inhibitor IV 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98 0.000 0.00 0.00 
01/06/2013 3 wet 98 0.008 0.08 0.10 
29/06/2013 5 wet 98 -0.011 0.11 0.33 
27/07/2013 7 wet 98 -0.010 0.10 0.59 
25/08/2013 9 wet 98 -0.027 0.28 1.07 
22/09/2013 11 wet 98 -0.022 0.22 1.67 
22/10/2013 13 wet 98 -0.020 0.20 2.23 
 
 
Table B.16: Macro-Cell Current for Uncracked Concrete Specimen (1) Made with Inhibitor V 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.6 0.000 0.00 0.00 
01/06/2013 3 wet 98.6 -0.007 0.07 0.08 
29/06/2013 5 wet 98.6 -0.011 0.11 0.29 
27/07/2013 7 wet 98.6 -0.010 0.10 0.55 
25/08/2013 9 wet 98.6 -0.020 0.20 0.93 
22/09/2013 11 wet 98.6 -0.015 0.15 1.36 
22/10/2013 13 wet 98.6 -0.016 0.16 1.77 
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Table B.17: Macro-Cell Current for Uncracked Concrete Specimen (2) Made with Inhibitor V 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98 0.000 0.00 0.00 
01/06/2013 3 wet 98 0.008 0.08 0.10 
29/06/2013 5 wet 98 -0.011 0.11 0.34 
27/07/2013 7 wet 98 -0.010 0.10 0.60 
25/08/2013 9 wet 98 -0.022 0.22 1.01 
22/09/2013 11 wet 98 -0.012 0.12 1.43 
22/10/2013 13 wet 98 -0.014 0.14 1.77 
 
 
 
Table B.18: Macro-Cell Current for Uncracked Concrete Specimen (3) Made with Inhibitor V 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.8 0.000 0.00 0.00 
01/06/2013 3 wet 98.8 0.009 0.09 0.11 
29/06/2013 5 wet 98.8 -0.010 0.10 0.34 
27/07/2013 7 wet 98.8 -0.012 0.12 0.61 
25/08/2013 9 wet 98.8 -0.021 0.21 1.03 
22/09/2013 11 wet 98.8 -0.014 0.14 1.46 
22/10/2013 13 wet 98.8 -0.015 0.15 1.84 
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Figure B.1: Macro-Cell Current for Steel in Uncracked Control Concrete Specimen (1) 
 
 
 
 
 
 
 
 
Figure B.2: Macro-Cell Current for Steel in Control Concrete Specimen (2) 
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Figure B.3: Macro-Cell Current for Steel in Uncracked Control Concrete Specimen (3). 
 
 
 
 
Figure B.4: Macro-Cell Current for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor I 
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Figure B.5: Macro-Cell Current for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor I 
 
 
 
Figure B.6: Macro-Cell Current for Steel in Uncracked Concrete Specimen (3) Made with 
Inhibitor I 
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Figure B.7: Macro-Cell Current for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor II 
 
 
 
 
Figure B.8: Macro-Cell Current for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor II 
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Figure B.9: Macro-Cell Current for Steel in Uncracked Concrete Specimen (3) Made with 
Inhibitor II 
 
 
 
 
Figure B.10: Macro-Cell Current for Steel in Uncracked Concrete Specimen (1) Made 
with Inhibitor III 
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Figure B.11: Macro-Cell Current for Steel in Uncracked Concrete Specimen (2) Made 
with Inhibitor III 
 
 
 
Figure B.12: Macro-Cell Current for Steel in Uncracked Concrete Specimen (3) Made 
with Inhibitor III. 
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Figure B.13: Macro-Cell Current for Steel in Uncracked Concrete Specimen (1) Made 
with Inhibitor IV 
 
 
 
Figure B.14: Macro-Cell Current for Steel in Uncracked Concrete Specimen (2) Made 
with Inhibitor IV 
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Figure B.15: Macro-Cell Current for Steel in Uncracked Concrete Specimen (3) Made 
with Inhibitor IV 
 
 
 
Figure B.16: Macro Cell Current for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor V 
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Figure B.17: Macro-Cell Current for Steel in Uncracked Concrete Specimen (2) Made 
with Inhibitor V 
 
 
 
 
Figure B.18: Macro-Cell Current for Steel in Uncracked Concrete Specimen (3) Made 
with Inhibitor V 
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B.2 Corrosion Potential Readings for Uncracked ASTM G109 Specimens 
 
 
Figure B.19: Corrosion Potential for Steel in Control Concrete Specimen (1) 
 
 
 
Figure B.20: Corrosion Potential for Steel in Control Concrete Specimen (2) 
-300
-250
-200
-150
-100
-50
0
1 3 5 7 9 11 13 15 17 19 21 23 25
C
o
rr
o
si
o
n
 P
o
te
n
ti
al
 (
m
V
) 
Time (Weeks ) 
Control uncracked -  Specimen 1 Potential
90% Probability of no corrosin
90% Probability of Corrosion
-350
-300
-250
-200
-150
-100
-50
0
1 3 5 7 9 11 13 15 17 19 21 23 25
C
o
rr
o
si
o
n
 P
o
te
n
ti
al
 (
m
V
) 
Time (Weeks ) 
Control uncracked -  Specimen 2 Potential
90% Probability of no corrosin
90% Probability of Corrosion
211 
 
 
Figure B.21: Corrosion Potential for Steel in Control Concrete Specimen (3) 
 
 
 
Figure B.22: Corrosion Potential for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor I 
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Figure B.23: Corrosion Potential for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor I 
 
 
 
Figure B.24: Corrosion Potential for Steel in Uncracked Concrete Specimen (3) Made with 
Inhibitor I 
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Figure B.25: Corrosion Potential for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor II 
 
 
Figure B.26: Corrosion Potential for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor II 
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Figure B.27: Corrosion Potential for Steel in Uncracked Concrete Specimen (3) Made with 
Inhibitor II 
 
 
 
Figure B.28: Corrosion Potential for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor III 
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Figure B.29: Corrosion Potential for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor III 
 
 
 
Figure B.30: Corrosion Potential for Steel in Uncracked Concrete Specimen (3) Made with 
Inhibitor III 
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Figure B.31: Corrosion Potential for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor IV 
 
 
Figure B.32: Corrosion Potential for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor IV 
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Figure B.33: Corrosion Potential for Steel In Uncracked Concrete Specimen (3) Made with 
Inhibitor IV 
 
 
 
Figure B.34: Corrosion Potential for Steel in Uncracked Concrete Specimen (1) Made with 
Inhibitor V 
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Figure B.35: Corrosion Potential for Steel in Uncracked Concrete Specimen (2) Made with 
Inhibitor V 
 
 
 
Figure B.36: Corrosion Potential for Steel in Uncracked Concrete Specimen (3) Made with 
Inhibitor V 
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APPENDIX (C) 
C. 1 Macro-cell Readings for Cracked ASTM G109 Specimens 
 
Table C.1: Macro-Cell Current for Cracked Control Specimen (1) 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 100 -1.77 17.70 5.35 
01/06/2013 3 wet 100 -2.52 25.20 57.24 
29/06/2013 5 wet 100 -2.89 28.90 122.68 
27/07/2013 7 wet 100 -3.14 31.40 195.62 
25/08/2013 9 wet 100 -3.19 31.90 274.92 
 
 
Table C.2: Macro-Cell Current for Cracked Control Specimen (2) 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 100 -1.53 15.30 4.63 
01/06/2013 3 wet 100 -2.44 24.40 52.65 
29/06/2013 5 wet 100 -2.65 26.50 114.22 
27/07/2013 7 wet 100 -2.75 27.50 179.53 
25/08/2013 9 wet 100 -2.84 28.40 249.57 
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Table C.3: Macro-Cell Current for Cracked Control Specimen (3) 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 100 -2.21 22.10 6.68 
01/06/2013 3 wet 100 -2.84 28.40 67.77 
29/06/2013 5 wet 100 -3.11 31.10 139.74 
27/07/2013 7 wet 100 -3.25 32.50 216.67 
25/08/2013 9 wet 100 -3.35 33.50 299.35 
 
 
Table C.4: Macro-Cell Current for Cracked Concrete Specimen (1) Made with Inhibitor I 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.5 -1.300 13.20 3.99 
01/06/2013 3 wet 98.5 -1.271 12.90 35.56 
29/06/2013 5 wet 98.5 -1.630 16.55 71.19 
27/07/2013 7 wet 98.5 -1.710 17.36 112.20 
25/08/2013 9 wet 98.5 -2.190 22.23 161.81 
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Table C.5: Macro-Cell Current for Cracked Concrete Specimen (2) Made with Inhibitor I 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 97.5 -0.900 9.23 2.79 
01/06/2013 3 wet 97.5 -1.158 11.88 28.32 
29/06/2013 5 wet 97.5 -1.245 12.77 58.14 
27/07/2013 7 wet 97.5 -1.393 14.29 90.86 
25/08/2013 9 wet 97.5 -1.181 12.11 123.94 
 
 
Table C.6: Macro-Cell Current for Cracked Concrete Specimen (3) Made ith Inhibitor I 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 96.9 -0.650 6.71 2.03 
01/06/2013 3 wet 96.9 -0.567 5.85 17.22 
29/06/2013 5 wet 96.9 -0.740 7.64 33.54 
27/07/2013 7 wet 96.9 -0.930 9.60 54.38 
25/08/2013 9 wet 96.9 -1.102 11.37 80.65 
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Table C.7: Macro-Cell Current for Cracked Concrete Specimen (1) Made with Inhibitor II 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.9 -1.600 16.18 4.89 
01/06/2013 3 wet 98.9 -2.741 27.71 57.98 
29/06/2013 5 wet 98.9 -2.710 27.40 124.65 
27/07/2013 7 wet 98.9 -2.510 25.38 188.50 
25/08/2013 9 wet 98.9 -2.100 21.23 246.89 
 
 
Table C.8: Macro-Cell Current for Cracked Concrete Specimen (2) Made with Inhibitor II 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 94.3 -2.400 25.45 7.34 
01/06/2013 3 wet 94.3 2.570 27.25 68.12 
29/06/2013 5 wet 94.3 -2.295 24.34 127.63 
27/07/2013 7 wet 94.3 -2.320 24.60 184.07 
25/08/2013 9 wet 94.3 -2.670 28.31 247.28 
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Table C.9: Macro-Cell Current for Cracked Concrete Specimen (3) Made with Inhibitor II 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 99 0.500 5.05 1.53 
01/06/2013 3 wet 99 1.428 14.42 25.16 
29/06/2013 5 wet 99 -1.350 13.64 59.21 
27/07/2013 7 wet 99 -1.003 10.13 88.04 
25/08/2013 9 wet 99 -1.032 10.42 113.87 
 
 
Table C.10: Macro-Cell Current for Cracked Concrete Specimen (1) Made with Inhibitor III 
 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.2 0.300 3.05 0.92 
01/06/2013 3 wet 98.2 0.844 8.59 15.02 
29/06/2013 5 wet 98.2 -1.300 13.24 41.42 
27/07/2013 7 wet 98.2 -1.228 12.51 72.56 
25/08/2013 9 wet 98.2 -1.273 12.96 104.47 
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Table C.11: Macro-Cell Current for Cracked Concrete Specimen (2) Made with Inhibitor III 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.5 0.471 4.78 1.45 
01/06/2013 3 wet 98.5 1.160 11.78 21.48 
29/06/2013 5 wet 98.5 -1.240 12.59 50.95 
27/07/2013 7 wet 98.5 -1.120 11.37 79.93 
25/08/2013 9 wet 98.5 -1.024 10.40 107.20 
 
 
Table C.12: Macro-Cell Current for Cracked Concrete Specimen (3) Made with Inhibitor III 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.5 1.200 12.18 3.68 
01/06/2013 3 wet 98.5 1.766 17.93 40.11 
29/06/2013 5 wet 98.5 -1.307 13.27 77.84 
27/07/2013 7 wet 98.5 -1.880 19.09 116.98 
25/08/2013 9 wet 98.5 -1.683 17.09 162.30 
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Table C.13: Macro-Cell Current for Cracked Concrete Specimen (1) Made with Inhibitor IV 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.4 0.000 0.00 0.00 
01/06/2013 3 wet 98.4 0.160 1.63 1.97 
29/06/2013 5 wet 98.4 -0.170 1.73 6.02 
27/07/2013 7 wet 98.4 -0.100 1.02 9.34 
25/08/2013 9 wet 98.4 -0.250 2.54 13.80 
 
 
 
Table C.14: Macro-Cell Current for Cracked Concrete Specimen (2) Made with Inhibitor IV 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 100 0.190 1.90 0.57 
01/06/2013 3 wet 100 0.215 2.15 5.47 
29/06/2013 5 wet 100 0.260 2.60 11.22 
27/07/2013 7 wet 100 0.306 3.06 18.07 
25/08/2013 9 wet 100 0.410 4.10 27.04 
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Table C.15: Macro-Cell Current for Cracked Concrete Specimen (3) Made with Inhibitor IV 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.4 0.000 0.00 0.00 
01/06/2013 3 wet 98.4 0.200 2.03 2.46 
29/06/2013 5 wet 98.4 -0.190 1.93 7.25 
27/07/2013 7 wet 98.4 -0.110 1.12 10.94 
25/08/2013 9 wet 98.4 -0.200 2.03 14.89 
 
 
 
Table C.16: Macro-Cell Current for Cracked Concrete Specimen (1) Made with Inhibitor V 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 1 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.5 0.000 0.00 0.00 
01/06/2013 3 wet 98.5 0.024 0.24 0.29 
29/06/2013 5 wet 98.5 -0.332 3.37 4.67 
27/07/2013 7 wet 98.5 -0.285 2.89 12.24 
25/08/2013 9 wet 98.5 -0.182 1.85 18.18 
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Table C.17: Macro-Cell Current for Cracked Concrete Specimen (2) Made with Inhibitor V 
Date 
Cycle 
No. 
Condition 
Wet/Dry 
Specimen 2 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.3 0.000 0.00 0.00 
01/06/2013 3 wet 98.3 0.130 1.32 1.60 
29/06/2013 5 wet 98.3 -0.023 0.23 3.48 
27/07/2013 7 wet 98.3 -0.018 0.18 3.99 
25/08/2013 9 wet 98.3 -0.035 0.36 4.66 
 
 
Table C.18: Macro-Cell Current for Cracked Concrete Specimen (3) Made with Inhibitor V 
Date Cycle No. 
Condition 
Wet/Dry 
Specimen 3 
Resistor 
(Ohms) 
Voltage 
(mV) 
Current 
(μA) 
Total 
Corrosion 
(Coulombs) 
27/04/2013 Starting of wetting cycles 0.00 
04/05/2013 1 wet 98.6 0.000 0.00 0.00 
01/06/2013 3 wet 98.6 0.015 0.15 0.18 
29/06/2013 5 wet 98.6 -0.026 0.27 0.69 
27/07/2013 7 wet 98.6 -0.055 0.56 1.69 
25/08/2013 9 wet 98.6 -0.035 0.35 2.83 
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Figure C.1: Macro-Cell Current for Steel in Cracked Control Concrete Specimen (1) 
 
 
 
 
Figure C.2: Macro-Cell Current for Steel in Cracked Control Concrete Specimen (2) 
0
5
10
15
20
25
30
35
1 3 5 7 9 11 13 15 17
M
ic
ro
c
e
ll
 C
u
rr
e
n
t 
(μ
A
) 
Time (Weeks )  
Cracked Control Specimen 1 
Threshold  
0
5
10
15
20
25
30
1 3 5 7 9 11 13 15 17
M
ic
ro
c
e
ll
 C
u
rr
e
n
t 
(μ
A
) 
Time (Weeks )  
Cracked Control Specimen 2 
Threshold  
229 
 
 
 
Figure C.3: Macro-Cell Current for Steel in Cracked Control Concrete Specimen (3) 
 
 
 
Figure C.4: Macro-Cell Current for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor I 
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Figure C.5: Macro-Cell Current for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor I 
 
 
 
Figure C.6: Macro-Cell Current for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor I 
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Figure C.7: Macro-Cell Current for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor II 
 
 
 
Figure C.8: Macro-Cell Current for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor II 
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Figure C.9: Macro-Cell Current for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor II 
 
 
 
Figure C.10: Macro-Cell Current for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor III 
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Figure C.11: Macro-Cell Current for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor III 
 
 
 
Figure C.12: Macro-Cell Current for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor III 
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Figure C.13: Macro-Cell Current for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor IV 
 
 
 
Figure C.14: Macro-Cell Current for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor IV 
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Figure C.15: Macro-Cell Current for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor IV 
 
 
 
Figure C.16: Macro-Cell Current for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor V 
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Figure C.17: Macro-Cell Current for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor V 
 
 
 
Figure C.18: Macro-Cell Current for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor V 
0
5
10
15
20
1 3 5 7 9 11 13 15 17
M
i
c
r
o
c
e
l
l
 
C
u
r
r
e
n
t
 
(
μ
A
)
 
Time (Weeks)  
Inhibitor V - Cracked Specimen 2 
0
5
10
15
20
1 3 5 7 9 11 13 15 17
M
i
c
r
o
c
e
l
l
 
C
u
r
r
e
n
t
 
(
μ
A
)
 
Time (Weeks)  
Inhibitor V - Cracked Specimen 3 
237 
 
C.2 MACRO-CELL READINGS FOR CRACKED ASTM G109 
SPECIMENS 
 
Figure C.19: Corrosion Potential for Steel in Control Cracked Concrete Specimen (1) 
 
 
 
 
Figure C.20: Corrosion Potential for Steel in Control Cracked Concrete Specimen (2) 
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Figure C.21: Corrosion Potential for Steel in Control Cracked Concrete Specimen (3) 
 
 
 
Figure C.22: Corrosion Potential for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor I 
-600
-500
-400
-300
-200
-100
0
1 3 5 7 9 11 13 15 17
C
o
rr
o
si
o
n
 P
o
te
n
ti
a
l 
(m
V
) 
Time (Weeks ) 
Control  Cracked - Specimen 3 Potential
90% Probability of no corrosin
90% Probability of Corrosion
-500
-450
-400
-350
-300
-250
-200
-150
-100
-50
0
1 3 5 7 9 11 13 15 17
C
o
rr
o
si
o
n
 P
o
te
n
ti
a
l 
(m
V
) 
Time (Weeks ) 
Inhibitor I - Cracked Specimen 1 Potential
90% Probability of no corrosin
90% Probability of Corrosion
239 
 
 
 
 
Figure C.23: Corrosion Potential for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor I 
 
 
Figure C.24: Corrosion Potential for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor I 
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Figure C.25: Corrosion Potential for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor II 
 
 
 
Figure C.26: Corrosion Potential for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor II 
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 Figure C.27: Corrosion Potential for Steel in Cracked Concrete Specimen (3) Made with    
Inhibitor II 
 
 
 
 
Figure C.28: Corrosion Potential for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor III 
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Figure C.29: Corrosion Potential for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor III 
 
 
 
Figure C.30: Corrosion Potential for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor III 
-450
-400
-350
-300
-250
-200
-150
-100
-50
0
1 3 5 7 9 11 13 15 17
C
o
rr
o
si
o
n
 P
o
te
n
ti
a
l 
(m
V
) 
Time (Weeks ) 
Inhibitor III - Cracked Specimen 2 Potential
90% Probability of no corrosin
90% Probability of Corrosion
-500
-450
-400
-350
-300
-250
-200
-150
-100
-50
0
1 3 5 7 9 11 13 15 17
C
o
rr
o
si
o
n
 P
o
te
n
ti
a
l 
(m
V
) 
Time (Weeks ) 
Inhibitor III - Cracked Specimen 3 Potential
90% Probability of no corrosin
90% Probability of Corrosion
243 
 
 
Figure C.31: Corrosion Potential for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor IV 
 
 
 
Figure C.32: Corrosion Potential for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor IV 
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Figure C.33: Corrosion Potential for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor IV 
 
 
 
Figure C.34: Corrosion Potential for Steel in Cracked Concrete Specimen (1) Made with 
Inhibitor V 
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Figure C.35: Corrosion Potential for Steel in Cracked Concrete Specimen (2) Made with 
Inhibitor V 
 
 
 
Figure C.36: Corrosion Potential for Steel in Cracked Concrete Specimen (3) Made with 
Inhibitor V  
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